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FOREWORD 


This report was prepared by Melpar, Inc., Falls Church, Virginia, 
under Air Force Contract No. AF33(657)-10519, The contract was initiated 
under Project No, 7381, Materials Application Task No. 738105, Ceramics and 
Graphite Technical Evaluation, The work was administered under the direction 
of the Air Force Materials Laboratory, Research and Technology Division 
with Mr. Lawrence Kopell acting as project Engineer, 


This report covers the work conducted from 1 May 1963 to 1 May 196, 


During the course of this contract Melpar received excellent cooperation 
fromall agencies, missile contractors and material suppliers associated with 
the development of nonmetallic inorganic refractory materials for use as 
elevated temperature radomes, It would be almost impossible to give proper 
credit to all those individuals in both private industry and the Air Force 
who contributed to this program. Special mention is made, however, to the 
contribution of the Navy Department in providing a detailed knowledge of the 
various programs under its sponsorship, 


Melpar wishes also to acknowledge the contributions of Dr. Chen Tai, 
Ohio State University, and Richard D'Amato, Electronics Space Structive 
Corporation, Concord, Massachusetts, who served in the capacity of Con- 
sultants for this effort in the fields of electro-mechanical design and 
structural analysis, respectively, 


ABSTRACT 

A comprehensive survey was conducted of available information 
concerning the use of nonmetallic inorganic refractory sadceind 
in the fabrication of radomes for elevated temperature use. In 
conducting this survey, both open literature and contract reports 
were studied. These were augmented with facility visits and personal 
communications with both missile contractors and materials suppliers. 

The comments of other Government agencies were actively solicited . 


to insure all active contract efforts in this field of research would 


be included in this report. In addition, views concerning future efforts 


in the fabrication of radomes from nonmetallic inorganic refractory 


materials were also discussed in an effort to determine the direction 


of advanced planning in this area of research. 


The available data were analyzed to determine their validity, and 
that information considered to be reliable and accurate was compiled in 
both tabular and graphical form. | 

Throughout this effort, it was difficult to characterize completely 
the majority of the materials in terms of chemical composition. 


This technical documentary report has been reviewed and 1s approved. 


D. A. SHINN 

Chief, Materials Information Branch 
Materials Applications Division 

AF Materials Laboratory 
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1. INTRODUCTION 


The use of radomes to protect the guidance systems of both aircraft and 
missiles has been a standard practice since the advent of airborne radar 
during World War II. Throughout the last decade, the aerospace industry has 
strived to achieve ever increasing requirements of range, speed, and maneu-= 


_verability. The mission of each successive generation of missiles then results 


in higher Machnumbers, and trajectories that include either a much steeper 
angle of attack or prolonged periods of time during re~entry into the earth's 
atmosphere. In each case, the vehicle experiences a more extreme thermal 
environment. As a consequence, all phases of missile technology have found 
it necessary to utilize materials with high temperature capabilities in 
construction. 


The accuracy of navigation, or guidance, becomes increasingly important 
as the range and speed of propulsion of a vehicle are increased. Even minute 
errors in the trajectory of a long-range vehicle can result in gross deviation 
from the planned destination. Similarly, as the time of transit is reduced, 
so is the allowable time for corrective measure in the trajectory to bring a 
missile back onto its planned course, 


The operational characteristics of a number of the current and develop- 
mental missiles are such that the all-important guidance radar can no longer 
be adequately protected by high temperature plastics. As a consequence, use 
has been made of nonmetallic inorganic refractory materials in the construc- 
tion of the radomes. The importance of the radome in the total missile effort 
cannot be overlooked. Without radomes capable of providing satisfactory 
performance, both structurally and electrically, the advanced missile program 
will be severely restricted. 


In September of 1957, the Electronic Components Laboratory of Wright 
Air Development Center published WADC Technical Report Number 57-67, 
"Techniques for Airborne Radome Design." This document was published during 
the time when industry was realizing an ever increasing need for new and 
improved radomes. The urgency of the need was such that many technical 
personnel were entering the field of radome design and fabrication, and it was 
felt important to provide a design handbook that would familiarize them with 
all aspects of this critical area of endeavor. The primary emphasis of this 
handbook was upon the electrical design, with a more limited consideration of 
the materials used, and methods of fabrication. The majority of this infor- 
mation was, of course, with respect to plastics and laminates. At the present 
time, the McGraw Hill Book Company, Inc., is in the final stages of a contract 


Manuseript released by authors 15 September 196) for publication as an RID 
Technical Documentary Report. 


effort for the AF Avionics Laboratory of the Research and Technology Division 

of Wright-Patterson Air Force Base to update this handbook. This will be 

issued as a supplement to the existing handbook, and will include the develop- 
ments of the last seven years, so that those scientists and engineers only 
recently entering the field of radome design and production may have the benefit 
of current advances in theory and materials application. 


Since the late 1950's, the missile radome industry has centered around 
the development of radomes from the nonmetallic inorganic refractory materials 
necessary to satisfy the thermal performance of many current and most future 
missiles. Throughout this period, technical discussions have concerned them- 
selves with the application, and all technical personnel are well aware of the 
fact that this type of a radome is used. It is interesting to note that, in 
spite of the degree of interest and the earnest need for radomes manufactured 
from these materials, there is an amazing lack of readily available detailed 
technical information concerning material properties, fabrication techniques, 
or problems associated with the application to this use. 


1.1 Purpose 


The purpose of this report is to survey the literature and previous con- 
tract reports and to compile the available data concerning the use of non- 
metallic inorganic refractory materials utilized for elevated temperature 
radomes. This study was not conducted to establish actual design criteria in 
the sense of a detailed consideration of either electro-magnetic design theory 
or specific fabrication processes. Rather, the objective was to present the 
available information concerning these materials and their properties, in 
order that it would be possible to ascertain the state of the art in the use 
of nonmetallic inorganic refractory materials in the fabrication of radomes, 
relative to the need and advance of the overall radome technology. 


The satisfactory performance of this class of material is dependent upon 
more than merely dielectric properties. Consideration must also be given to 
mechanical strength and thermal characteristics. The total design for any 
mission is a function of a complex.relationship between all these parameters. 
This is further complicated by the relationship that each individual property 
has to the thermal environment. To solve this problem, representative thermal 
and. mechanical property data for each material were also compiled, but no 
attempt was made to conduct a comprehensive survey concerning these properties. 
An extremely large amount of information has been published concerning the 
mechanical properties of nonmetallic inorganic materials over the years, and 
to attempt to include this as a major portion of this program would not have 
been possible. In order to include some representative information, Melpar 
was directed to utilize the results of two other Air Force contracts speci ~ 
fically dealing with these properties. These are AF 33(657)-8326, conducted 
by Battelle Memorial Institute to study information on the thermal and mech- 


_ anical properties of brittle materials, and AF 33(657)-806l, conducted by the 


Ohio State University, which is concerned with a survey of the mechanical 
properties of brittle materials, 


1.2 Current Use of Nonmetallic Inorganic Refractory Radomes 


Table 1 shows a list of current missile systems that carry radomes. In : 
each case, the material used to fabricate the radome and its size are presented. 
The prime contractor is identified, as is the subcontractor making the radome. 
In order that one may place the use of nonmetallic inorganic refractory 
materials in proper perspective relative to the use of organic materials and 
laminates, the missiles are also listed. ; 


Corning Glass Works is the sole supplier of Pyroceram, which is a 
proprietary material. Pyroceram has gained in popularity as a consequence of 
sled tests which showed that this material exhibited superior performance to 
aluminum oxide materials. Proprietary considerations prevent Corning from 
making Pyroceram manufacturing processes and chemical composition public 
information. 


Coors Porcelain Company and the Western Gold and Platinum Company 
manufacture radomes from aluminum oxide. FEoth firms manufacture radomes from 
their standard line of aluminum oxide materials, rather than attempt to 
develop a special body for this purpose. 


Western Gold and Platinum Company uses their standard AL300 body, a 
97 6% Alp03 composition. ‘The standard production process used for all types 
of manufacturing is used. The only step in production that differs from any 
other production run is the particular material that is used as the master. 
These are all the property of the individual customer, All of the radomes 
are isostatically pressed at pressures of 8000 to 10,000 psi. 


Currently, two types of radomes for the Sparrow missile are produced. 
If only a blank is desired, the Alo03, mixed with its binder, is loaded into 
a mold that has only an internal mandrel, and the typical loose-fitting 
rubber bag around it. After pressing, the part is machined to approximate 
size in the semi-fired state, and then fired to maturity. If a radome is 
to be pressed with a prescription in it, a different mold is used. This con- 
sists of a male mandrel with a cast iron shroud on the outside of the rubber 
bage When this mold is loaded, closer control of the overall dimension can 
be achieved; a pressure of 8,000 to 10,000 psi is used in the isostatic 
pressinge The Western Gold and Platinum Company is able to maintain a varia- 
tion of density throughout a finished radome of +1%. It should be noted that 
the fabrication of prescription radomes is an experimental program only. 


Coors Porcelain Company also uses isostatic pressing as the means of 
radome fabrication and the materials used are standard production bodies. 
The pressure used in molding is 6000 psi, Coors offers a wider range of 
composition, with four bodies considered to be suitable for radome application. 
These are grades AD9), AD96, AD99, and AD995. In all cases, the number 
designation indicates the percentage of Alp03. These bodies range from 94% to 
99.5%, respectively. Coors Porcelain Company does not attempt to press a 
radome with a prescription determined by the mandrel. Rather, this company 
makes extensive use of an elaborate grinding facility to achieve the final 
dimensions on the radomes it fabricates. 
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MANUFACTURER 


Brunswick Company 
Brunswick Company 


Brunswick Company 


» Brunswick Company 


Corning Glossworks 
Corning Glassworks 


Corning Glassworks 
Corning Glassworks 
Corning Glassworks 
Corning Glassworks 


Corning or Coors 


Corning (changed 
from Coors after 
Sled test) 


Corning or Coors 
under consideration 


Interpace 
(makes ovrsz 


blanks) 


Wesgo (Western 
Gold and Plat) 


Raytheon 


Americon Lava 


Zenith Plastics 
(considering 


changeover to 


Pyroceram by 
Corning) 


Navy 


Navy 


DOME 
MATERIAL 


Plastic Filament 
wound Vibrin 135 


Plastic Laminate 


Plastic Filament 
wound 


Plastic Filament 
wound PC 2106 
Quartz fab 
Silicone (DC 2106) 


resin 
Pyroceram 


Pyroceram 


Pyroceram 
Pyrocerom 
Pyroceram 
Pyraceram or 
Silica 
Pyroceram or 
99% Al 203 


Pyroceram 


Pyroceram or 


99% A103 
97.6% A140, 


97.6% A103 


Plastic 
(seamless 
fiberglas 
sock) 


A1203 


Fused 
Silica 


Dioyl! 128 


DOME 
CONFIGURATION 


Ogive 
Ogive 
Ogive 


Ogive 


Hemisphere 
Ogive (mod) 


Ogive 
Ogive 
Ogive 
Ogive(?) 


Von Karmen 


Ogive 


Hemisphere 


Ogive 


Ogive 


Ogive 


Hemisphere 


Ogive(?) 


Ogive 


*Note - All sled tests are conducted to Mauler Specifications 


TABLE 1 
RADOMES USED IN CURRENT MISSILE PROGRAM 


DOME DIMENSIONS 


Length Base Diometer 


8 Ft. 2 Ft. 
18 In. 8 In. 
16 In. 8 In. 
B In. 14 In. 

6 In. 
42 In. 14 In. 
16 In. 8 In. 
37 In. 12 In. 
37 In. 12 In. 
36 In. 14 In. 
37 In. 14 In. 
(Approximate) 
6 In, 
18 In. B In. 
18 In. 8 In. 
37 In. 12 In. 
6 In. 
eee 2In 
V3 In. 5 In. 


MISSILE 


Bomare 


(Cancelled) 


Corvus 


(Failure) 
Shrike (AGM-45) 


Eagle (Failure) 


Gar XI 


Phoenix 
(TFX missile) 


Shrike 
Tortor 
Terrier 


Typhon 
(Cancelled) 


Gar IX 


Genie (thin- 
walled) 
(cancelled) 
Sera (elec. 
head other- 
wise same as 


Sidewinder) 
Sparrow IfI 


Sparrow III 


Hawk 


Sidewinder 
(Infra-Red 
Head) 


Red Eye 


*Mauler 


Walleye 
(TV guided) 
Regulus 
(all inertial 
but has 
radome) 


SERVICE 
Air Force 


Navy 
Navy 


Navy 


Air Force 
Novy 


Navy 
Navy 
Novy 
Novy 


Air Force 


Air Force 


Navy 


Navy 


Navy 
Army 


Navy and 
Air Force 


Army 


Army 


Navy 


Novy 


CONTRACTOR 


Boeing, Seattle, Wash. 
Tempco Texas 
NOTS, China Lake, Calif. 


Bendix Res. Labs 
Detroit, Mich. 


Hughes Aircraft 
Culver City, Calif 


Hughes Aircraft 


NOTS 
General Dynamics 
General Dynamics 


Johns Hopkins 
A.P.L. 


Hughes Aircraft 


Douglas Aircraft 
Santa Monica 
California 


NOTS, China Lake, Calif, 


Raytheon, Bedford, 
Mass, 


(Roytheon in 

Bristol, Tenn. 

grinds oversized 

blanks to size) ° ' 


Raytheon - 


NOTS, Chino Lake, Colifornia 


General Dynamics . \ 


General Dynamics 


NOTS, China Lake, Calif. 


Ling-Tempco- 
Vought 


The International Pipe and Ceramic Company and the Shenango Ceramics 
Company have taken different approaches to the manufacture of radomes from 
aluminum oxidee Instead of using a standard production body, both have 
development compositions specifically for radome application that best suit 
their individual processes. 


The International Pipe and Ceramic Company uses a process that consists 
of spraying a slurry of Alp03, made using an organic solvent rather than water, 
onto a radome mandrel. Once a sufficient thickness has been built up, the 
mandrel with the coating of Alp03 is placed in a rubber bag, and the radome 
is then isostatically pressed at 35,000 psi. After removal from the mandrel, 
the radome is fired at 2)00°F, It is then machined to the desired blank size 
on the outside only, and fired to maturity at 3150°F. These blanks are then 
supplied to the user for final prescription machining. This body is a 97.h% 
Alo03 formulation, The staff of the International Pipe and Ceramic Company 
feel that a 99% Alo03 radome could be fabricated by the same process. 


The Shenango Ceramics Company has developed a slip-casting technique to 
fabricate aluminum oxide radomes. This process is basically one of carefully 
centering of male mandrel ground to the desired prescription within a female 
eavitye The Alo03 slip, in a fluid state is then forced into the mold under 
a rather low pressure. Once the water has been drawn out of the cast radome, 
it is released and dried. After complete drying has been accomplished, the 
radome is then fired to maturity. The nature of the slip-casting process 
does not favor the use of a high-purity aluminum oxide composition, and the 
resulting radome is of the order of 84% Al203. While this is quite low 
compared to the compositions prepared by other manufacturers, indications are 
that it is satisfactory for a number of applications. The staff of the 
Shenango Ceramics Company is of the opinion that the shrinkage and distortion 
of their body can be controlled sufficiently well to permit eventual fabrica- 
tion of radomes by the slip-casting technique that will require no additional 
machining. To date, the Shenango Ceramics Company has made only experimental 
radomes o 


1.3 Chronological Sequence of Radome Development Using Nonmetallic Inorganic 
Refractory Materials 


The use of nonmetallic inorganic refractory materials to fabricate 
radomes was originally discussed as early as the middle 19),0's. The first 
attempts to form such structures did not occur until the middle 1950!s, The 
development since that time has included a number of actual production 
contracts, as well as purely fabrication development feasibility studies. In 
addition, there have been numerous orders placed with material suppliers for 
one or two radomes of a kind to be evaluated for use in prototype missile 
systems. At the same time, Government agencies have sponsored a number of 
materials research programs that have been more or less closely related to 
radome development technology. 


The following discussion of these programs is divided into four parts: 
aluminum oxide, Pyroceram, fused silica,and materials development. 


| 
{ 


It is not feasible to cover every contract and subcontract awarded 
during this period of time. In a number of instances, the work was conducted 
on a straight purchase order basis, and no reports were involved. In the case 
of many major prime contracts, the reports of the manufacturer were filed as a 
portion of the contract records and never received dissemination beyond this 
point. 


By the same token, the discussion of materials research effort is also 
in the vein of a commentary. This is done to provide a discussion of typical 
programs, and to place them in an approximate time relationship to the total 
radome effort over the last eight or nine years. 


1.31 Aluminum Oxide As a Radome Material 


The Coors Procelain Company and the International Pipe and Ceramic 
Company (Interpace) entered into the fabrication of aluminum oxide radomes 
about the same time -= late 1955 to early 1956. At that time Interpace was 
known as the Gladding McBean Company. 


Coors Porcelain began its development of a process for forming radome 
shapes under contract to the W. L. Maximum Corporation of New York. This 
effort was concerned with the development of a radome program for the Corvus 
Missile, which was terminated before any production radomes were ordered. 


Interpace entered into the field of radome fabrication by means of a 
feasibility study awarded from AMC for the development of a monofilament 
aluminum oxide radome. This program was associated with the Falcon missile 
system which never became operational. 


In 1958, Coors Porcelain Co., Interpace, and the Norton Company all 
accepted contracts from AMC as a portion of a development effort for large 
ceramic radomes intended for end use on the Bomare Missile system, This 
total radome effort was of an extremely broad nature, such that a number of 
additional subcontracts were involved. The final report, published as ASD 
TDR-62- 67 was not issued until early in 1962. In conjunction with the actual 
fabrication of experimental radomes, Melpar, Ince, conducted a subcontract 
to evaluate all of the physical, electrical, and thermal properties of the 
bodies used by each manufacturer to fabricate these radomes; General Applied 
Science Laboratories, Inc., conducted a theoretical and experimental study 
of the thermal shock characteristics of radomes produced by Coors Porcelain 
Company; and the Boeing Aircraft Company conducted a contract to study the 
attachment problem and material evaluation. 


While the effort promised to provide the industry with important tech- 


‘niques in both manufacturing and materials development, the fact that no 


official documents were disseminated until all contracts of the effort were 
completed seriously reduced the overall usefulness of the program, Fortu- 
nately, the contractors involved in this effort were able to apply the 
individual knowledge that was gained in their portions of this effort to 


other active missile system efforts. Since completion of this portion of the 
program, Coors Porcelain Company has not conducted any production contracts 
for large radomes of the Bomarc Size. Numerous production orders have been 
filled, however, for the Sidewinder Missile system. 


In 1958, Interpace entered into a brief development contract for the 
Raytheon Corporation to provide a radome blank for the Sparrow III missile 
system. This was followed immediately by production orders which are still 
in progress today. 


The Raytheon Corporation made the decision to use aluminum oxide radome 
on the Sparrow III program in about 1956. As indicated, Interpace was con- 
tracted to develop a prototype radome, which was then pressed into almost 
immediate production. The decision to use a nonmetallic inorganic refractory 
material in place of the organic radomes used in previous generations was 
based upon the advantages offered by a material with higher temperature 
characteristics e 


The early electrical evaluation of aluminum oxide radomes showed satis- 
factory electrical performance under boresight evaluation; the experimental 
radomes that were flown were also satisfactory. Since using these radomes 
in production, Raytheon has no record of any instance of missile failure 
that can be attributed to the radomes. 


In 1959, the Navy awarded a contract to the Shenango Ceramics Company 
to investigate the feasibility of fabricating aluminum oxide radomes by slip- 
casting techniques. This effort was completed in 1961 with the delivery of 
several experimental radomes. Subsequent electrical evaluation of these 
indicated that radomes produced by this technique could provide satisfactory 
electrical performance. This effort was followed, in 1962, by a subcontract 
from the Raytheon Corporation to investigate the feasibility of producing an 
aluminum oxide radome by the slip-casting technique that would provide usable 
electrical characteristics without the requirement for additional grinding 
after forming. Although progress was made toward this end, this contract 
was terminated in 1963, and no further pursuit of this technique is antici-- 
pated. In 1960, the Raytheon Corporation issued a contract to the Western 
Gold and Platinum Corporation for the production of aluminum oxide radomes == 
planks for the Sparrow III program. This order was filled and Western Gold 
and Platinum has been one of the two suppliers of these blanks since that 
date. 


For the Sparrow missile, the Raytheon Corporation typically procures 
radomes as aluminum oxide blanks. These are then ground to the final elec- 
trical prescription at their Bristol, Tennessee, plant for use as operational 
radomes for delivery with each vehicle. 


Throughout the last five to seven years, the Coors Porcelain Company, 
Interpace, and Western Gold and Platinum Company have filled numerous orders 
for prototype radomes and radome blanks in conjunction with many missile 
systems. In many of these instances, the systems were cancelled before the 


radome was ever evaluated. In some cases, enough evaluation efforts were 
completed to demonstrate that the radomes would perform satisfactorily. This 
is the case in the development of the Genie by Douglas Aircraft Company. 
Several aluminum oxide radomes were fabricated, and each provided satisfactory 
performance in actual flights of this system. Table I provides an idea of 

the number of types of aluminum oxide radomes that have been fabricated as 
prototypes and production items. 


In 1957, the industry in general was quite interested in the development 
of lightweight foamed aluminum oxide materials. These showed promise as 
broadband materials by virtue of their lower dielectric constants. During 
the years that followed, consideration was given to the fabrication of a 
sandwich radome, in which a layer of thin foam would be placed between two 
dense skins of aluminum oxide. The first study contract for this was awarded 
by the Navy in 1959. This is mentioned at this point to allow one to fit 
this development into the overall use of aluminum oxide, but detailed dis- 
cussion of these efforts will be presented in one of the sections that follow. 
In 1963, AMC awarded a contract for the fabrication of a large aluminum oxide 
radome using mosaic techniques. This will also be discussed in a following 
section of this report. 


1.3.2 Pyroceram 


The Navy funded the Corning Glassworks for the development of the 
technique for fabricating radomes from Pyroceram during 195). By 1955 and 
1956, the process was well encugh established that satisfactory radome blanks 
could be fabricated from this material. This development program was associ- 
ated with the Terrier missile program and, during 1956, the General Dynamics 
Corporation procured the first prototype radomes for this missile. Since 
that time, General Dynamics has continued to use radomes fabricated from 
Pyroceram in production quantities. Both the Tarter and Terrier missile 
systems are designed around radomes fabricated from Pyroceram. 


During 1956, Hughes Aircraft also began an initial consideration of 
radomes fabricated from Pyroceram for the Gar IX missile system. In 1958 
Hughes Aircraft awarded a contract to Melpar, Inc. to determine the electrical, 
thermal and mechanical properties of Pyroceram at temperatures to 2250°F. 

This information was used to finalize the design criteria. 


Since that time, Hughes Aircraft has used Pyroceram radomes on both the 
Gar IX and Gar XI missile systems and is presently intending to use Pyroceram 
on the Phoenix missile system. Pyroceram radomes have been selected for 
numerous other missile systems during this same period. In many instances, 
these radomes have been. flown in preliminary tests and have demonstrated 
satisfactory performances 


1.303 Fused Silica 


The Georgia Institute of Technology has been under contract to the 
Navy since 1955 in studies associated with radome development. Before 1958, 


the studies were concerned with the thermal protection system, ablation rates, 
and investigations of material properties of the leading candidate material 
for radome use. 


During 1958 and 1959, the first efforts toward actual radome development 
using fused silica were initiated. An aluminum model of a radome was fabri- 
cated and a number of radomes were cast of fused silica. 


About this same time, ABMA at Huntsville became interested in the use of 
fused silica and a two-year effort was sponsored that resulted in a two-foot- 
high nose cone having a nineteen-inch base diameter. This fused silica nose 
cone was of a conical shape, not reinforced. This was not made with an in- 
tention of use for radar transmission, but rather as a thermal protection 
system for re-entry. . Tests ‘at the Huntsville re-entry facility indicated 
satisfactory performance. 


Since 1960, the Georgia Institute of Technology has continued its in- 
vestigation of fused silica radomes. Many of these have been supplied to 
NOTS for rain erosion sled tests. 


During the development effort of the last 5 years, fused silica has 
shown considerable promise as a radome for elevated temperature use. The two 
most important factors in support of this application are its resistance to 
rain erosion and the ability to survive thermal shock. It should be mentioned 
that the rain erosion resistance has not been completely defined, and that 
additional efforts are currently being made to investigate more fully the use 
of a glaze to assist performance in this environment. 


In 1961, General Dynamics became interested in fused silica as material 
for the fabrication of elevated temperature radomes; The Brunswick Corpora- 
tion developed a similar interest in 1963, and presently both companies are 
supporting internal development programs to this end. 


In 1963, The Air Force awarded a contract to the Georgia Institute of 
Technology for a radome in conjunction with the Trailblazer missile. This 
will be discussed in more detail in section 1.),.3,0f this report. 


1.3.4 Materials Development 


Since 1955, both the Air Force and Navy have sponsored a number of 
projects concerning the development or investigation of nonmetallic inorganic 
refractory materials that have been associated with potential radome appli- 
cation. Typical of these are two long-term programs that have been funded 
continuously throughout this entire period, The Air Force has sponsored a 
continuing effort at the Massachusetts Institute of Technology associated 
with the precise determination of the dielectric characteristics of materials 
as a function of temperature. Much of their data is referenced in this 
report. During the same period, the Navy has funded work at Rutgers 
University. Prior to 1961, these efforts were directed specifically toward 


radome materials for application on the Sparrow missile system. Since 1961, 
the objective of the program has been to develop improved nonmetallic in- 
organic refractory bodies with very uniform electrical and mechanical proper- 
ties. It is hoped that this can be achieved through control of the processing 


technique. 


Since 1959, the Navy has sponsored work at several agencies, including 
NOL, Vitro Laboratories, and the Brunswick Corporation, to study the method 
of coating plastics with nonmetallic inorganic refractory materials to resist 
rain erosion. While most of these efforts were specifically intended for 
aircraft, some benefit may eventually be realized in missile radomes. 


From 1959 to 1961, The Air Force sponsored a program entitled "Research 
and Development Services Leading to the Control of Electrical Properties of 
Materials for High Temperature Radomes." This project dealt with a detailed 
study of the effects on the properties of aluminum oxide upon additions of 
impurities. Some of the results of this program will be discussed in more 
detail in the following section of this report. 


In 1960, the Navy funded a program at the National Beryllia Corporation 
to investigate the application of beryllium oxide to aircraft radomes. This 
project is still in progress. 


In 1961, the Air Force funded Horizons Inc., for a research effort 
associated with the development of a filamentized composite structure made 
from alumina oxide fibers. This effort has continued in 1962, 1963, and 
196), with emphasis upon the fabrication of large radomes. 


In 1963, the Navy funded Melpar, Inc., for a study of the dielectric 
anisotropy of polycrystalline nonmetallic inorganic refractory materials. 
This study was an outgrowth of the fact that this phenomenon has been observed 
in many oxide bodies. In addition, early studies showed an apparent relation- 
ship between compressive stresses and dielectric constant. This program was 
initiated to study these relationships with respect to aluminum oxide to 
determine whether or not it is of consequence to radome design. This study 
is still in progress. 


At present, the Air Force has a contract with Emerson and Cuming to 
determine the feasibility of fabricating a large gectionalized structurally 
supported airborne radome from nonmetallic inorganic refractory materials. A 
metal frame work is used to support the dielectric windows. 


The Navy Department intends to fund a program at NOL to investigate 
thermal shock and other mechanical properties of a large number of nonmetallic 
inorganic refractory materials. In addition, a program to determine the re- 
lationship of microstructure to strengths at temperature was funded at ANCO 
Research and Development in 1962. This program is also still in progress. 

The Navy Department also funded,in 1964, a program at Linder Laboratories to 
investigate chemical strengths of material such as Corning Chemcor. 
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During 1964, the Hughes Aircraft company intends to initate a program 
to study the thermal shock characteristics of radomes fabricated from Alpj0,, 
Pyroceram, and sandwich construction Alo03 foam interlay constructions. ese 
tasks will be general in nature, rather than associated with any one missile 
requirement. This should be of interest to all agencies and materials 
suppliers. 


1.4 Current Materials Development 


The preceding section of this report has outlined the manner in which 
radomes fabricated from nonmetallic inorganic refractory material have been 
accepted for operational use. The review of the historical development 
has been presented to provide an understanding of not only where industrial 
application of these materials is today, but just how it arrived at this 
point. In normal engineering application, the materials development is 
usually tied closely with a product or, more frequently, it precedes it in 
time. The evidence presented in this report indicates that thig is not 
the case in the application of nonmetallic inorganic refractory materials 
to radome use. This portion of the report is devoted to current materials 
development. 


lelel General Lack of Materials Development 


The term "materials development" in the context of this report is 
considered to mean those efforts specifically devoted to the improvement of 
any or all basic properties and characteristics of either a specific material 
or broad category of materials. This distinction is important, for it is an 
established fact that each of the missile efforts listed in Table 1 have had 
development tasks associated with the use of nonmetallic inorganic materials 
to fabricate radomes. In addition to these, the Air Force and Navy have both 
sponsored independent programs of a similar nature. 


The fact that the major materials manufacturers had little experience in 
the fabrication of large shapes from these materials dictated the sense of 
direction in these programs. This was, of course, further complicated by a 
need for precise control of physical dimensions using a material that 
behaves differently than those previously used for this application. As a 
“consequence, many efforts were conducted, both to determine the feasibility 
of fabricating radomes from these materials, and to improve the techniques. 
Recently, a number of contracts have been conducted to determine the 
feasibility of fabricating radomes with shapes sufficiently well-controlled 
that further grinding to size is eliminated. This was apparently motivated 
by production and cost reduction considerations. 


In contrast to the above, only a limited effort has been devoted to the 
investigation of the basic properties of the materials involved, and the 
effect of additives (or alteration of composition) upon the critical physical 
properties. The most frequent comment ventured by those reponsible for 
radome development for a missile system is something to the effect that the 
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radome is about to become a limiting factor in the missile design, for no 
materials are available beyond aluminum oxide, Pyroceram,and fused silica. 
This may be true, but it is nearly impossible to uncover a contract that 
deals exclusively with material synthesis, particularly one that is tied 
into an active radome system or future requirement. Many of the major con- 
tractors have internal development programs associated with materials, but 
these are usually concerned with the optimum means of fabricating a radome 
from a given material. 


The majority of the information available in this survey concerned only 
those bodies that were offered in commercial use. In the case of isolated 
unique materials, only a limited amount of information was generated con- 
cerning the material properties and this was only in connection with the 
specific application of interest to the investigator. Data concerning 
dielectric characteristics at 60 cycles are of no real value to a radome 
design engineer, for the dielectric characteristics of materials are a 
complex function of frequency. Further, the limited amount of data that 
are presented has been obtained by crude techniques designed only to obtain 
relative values for comparison purposes. Often the data that are reported 
have been taken by techniques that are really not applicable to the material 
in question. Typical of these would be the measurement of the dielectric 
characteristics of ferro-electric materials at microwave frequencies with 
no consideration of the fact that the dielectric permeability is not 1.0. 

If this is done, the measurement techniques cannot possibly yield valid data, 
since,in general,these measurements are based upon a permeability of 1.0. 


Still another factor that enters into the study of data concerning 
unusual materials of a nonmetallic inorganic refractory nature, is that 
these values are almost invariably measured only at ambient temperature and 
there is no indication of ability to survive or retain characteristics in an 
elevated temperature environment. Again, only one or two properties are 
reported. 


1.4.2 Gross Value of the Product 


As the use of nonmetallic inorganic refractory materials for radome 
fabrication has grown in popularity over the last five years, numerous 
discussions have centered around the question of financial support for 
materials development. This is, of course, always a controversial topic. 


More often than not, the materials supplier feels that the costs of 
materials development are the responsibility of the agency or contractor 
desiring to modify the given material. 


Conversely, the consumer is quite correct in assuming that his materials 
supplier will profit from any procurement based upon the improved materials, 
and therefore the supplier should bear the financial burden for materials 
development. 
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Consequently, the Government sponsors are placed right in the middle, 
and often find it necessary to arbitrate such a situation. In the majority 
of instances, such agencies are eager to fund basic research programs in the 
area of materials development, but often the budget assignments and restric- 
tions are such that funding can only be financed on a specific missile prime 
contract. If this is the case, it becomes necessary to convince the prime 
contractor that a given development is sufficiently needed to warrant 
diversion of a portion of the total system funds. This frequently results 
in the award of only those contracts that are associated with materials 
fabrication techniques, rather than materials research. 


A review of the annual survey of manufacturers presents an interesting 
observation, The gross sales of the materials supplies for 1963, representing 
only electrical uses of nonmetallic inorganic refractory materials, amounted 
to 200 million. This did not include pottery china, but was confined to such 
items as electronic tube insulators, switch wafers, or spark plug insulators. 


A gross sales potential of this magnitude quickly points up the fact 
that the current production market for radomes manufactured from these 
materials is quite insignificant in dollar value. Obviously, an accurate 
total of the dollar expenditures for radomes over the last 9 years would be 
almost impossible to tally, for much of the cost is a hidden expense of the 
prime missile system. However, it does not take much imagination to make a 
calculated guess at the total expenditure during this period for both 
materials research and fabrication development. Most certainly, all of 
these funds totaled would represent only a small fraction of the income for 
only a single year realized by a company from other sourcese This is not to 
say that a materials supplier does not realize any profit from the fabrica- 
tion of radomes. : 


The figures above are not discussed to provide arguments for either 
missile contractor or materials supplier, but rather to present a more 
complete description of the radome industry with respect to the overall use 
of nonmetallic inorganic refractory materials. It is emphasized that the 
financial aspects of this industry are mentioned only to indicate the basis 
for at least a portion of the current philosophy of material suppliers 
regarding their attitude toward radome development and supply. 


1.4.3 Advancement of the State of the Art 


By 1958, the bodies readily available for fabrication of radomes had 
been clearly established. In the case of aluminum oxide, bodies with a purity 
as high as 99.5% could be obtained, and radomes made from Pyroceram were 
being made from the Corning formulation designated as 9606. At the present 
time, it is possible to procure an aluminum oxide radome from additional 
sources, but the material used to fabricate these radomes, and the actual 
fabrication techniques are no different than they were six years ago. This 
does not mean that the fabrication process requires refinement or modification, 
nor does it mean that aluminum oxide is not a satisfactory material. 
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Similarly, radomes manufactured from Pyroceram are still made with formulation 
9606 by the same techniques as previously used. Again, Pyroceram is a useable 
radome material. Both of these materials have been used in production for a 
number of years. There are recent indications that the Corning Glass Works 

is about to offer an improved Pyroceram material for radome fabrication, but 
there has been no evaluation of this material by the missile contractors to 
date. 


During the last five years, the technology of fused silica has been 
developed to the point that it is now possible to depend upon this material 
for the manufacture of radomes in addition to the two materials that were 
available in 1958. 


Beyond this point, only very limited advancement has been made in the 
utilization of nonmetallic inorganic refractory materials for elevated tempera- 
ture radomes.e The properties of beryllium oxide, for instance have been 
better defined at elevated temperatures. This material is able to withstand 
mach higher temperatures than any of those materials currently used to fabri- 
cate radomes. The missile contractors, however, do not feel that there is 
sufficient advantage to be gained in its use to justify funding of a develop= 
ment program for the fabrication of a prototype radome for electrical and 
thermal evaluation. This philosophy is, of course, based upon the require- 
ments of active missile contracts and may be changed as new procurements are 
issued for future generations of missiles. 


The reasons for only marginal progress in the development of radome 
materials are difficult to establish accurately. There are several factors 
contributing to this situation that most certainly enter into consideration, 
but the total analysis would seem to be dependent upon the individual agencies 
and contractors involved. 


The major difficulties associated with materials development for this 
application are undoubtedly due to the nature of the materials themselves, 
and the environments in which they are exposed. One of the foremost considera- 
tions in normal structural design is the science of failure analysis. This 
is a logical means of improving material performance. In the case of a 
plastic ormetal, examination after test will clearly establish the point at 
which mechanical failure was initiated, and allow the definition of the actual 
failure mechanism, When a radome fabricated from a nonmetallic inorganic 
refractory material does not survive the environment, the failure is cata- 
strophic. Because of the brittle nature of these materials, there are not 
enough fragments left to tell anything, other than the fact that its perform- 
ance was inadequate. 


The need for elevated temperature material characteristics is another 
important parameter in materials development. The facility to accomplish all 
of these tests is expensive, and such data are not readily available, for 
there are only a limited number of these facilities in industry today. Con- 
sequently, if a development program is conducted on a minimum funding basis, 
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it is frequently impossible for the contract to bear the burden of such 
evaluations, and the tests are eliminated from the program, or made on such 
a limited basis as to be of little use beyond the immediate project. 


Even more expensive to provide is the facility to simulate the actual 
missile flight environment for laboratory evaluation of a radome te determine 
survival. This can be still further complicated if one were to attempt 
instrumentation of a boresight range so that transmission characteristic could 
be determined with the radome at operational temperature. As a consequence. 
of the experimental difficulties associated with the total evaluation of a 
radome, it is extremely difficult to establish a set of materials property 
criteria that can be used for basic materials evaluation, which will allow 
radome design based upon property information aloneo 


This has resulted in an acceptance criterion for nonmetallic inorganic 
refractory radomes based upon actual flight performance. Those radomes that 
are procured after this are then strictly controlled to insure the same 
electrical and mechanical tolerances. 


It appears at this time that the presence of delivery schedules for 
missile systems has caused the industry to reach the point at which the 
techniques for fabrication of radomes from nonmetallic inorganic refractory 
materials are well defined and adequate for the materials available in normal 
production, but that consideration of materials beyond this point has not 
been supported by an adequate number of active programs in basic materials 
development to provide the basis for a significant improvement in the near 
future. 


Currently, there are a number of developments in the area of radome 
technology that show promise for application in future missiles during the 
next five to ten yearse 


In the last section of this report, the possibilities of fused silica 
as a radome material were discussed. The results of Contract AF 33(657)-= 
1150h, presently in progress at Georgia Institute of Technology, may provide 
the basis for production radomes, This program is for the development of a 
radome to be used in conjunction with the Trailblazer missile experiments. 
Melpar believes that the objectives of this program, which are to define the 
method and procedure to insure propagation during an actual re-entry of a 
nose cone into the earth's atmosphere, are very closely associated with ten 
long-range objectives presently being strived for in the development of non- 
metallic inorganic refractory radomes. A minimum of three Trailblazer shots _ 
are scheduled for the near future. Two of these will carry conventional 
radomes fabricated from ablative materials. The third will carry a radome 
fabricated from fused silica. Although this is being done in an attempt to 
isolate the effect of ionized ablative materials within the plasma sheath 
surrounding a radome during re-entry, the fused silica radome will be 
subjected to a very extreme environment, and its performance will provide an 
indication of future success on other missiles. 
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AMC is currently sponsoring AF 33(657)-10111 at Narmco Research and 
Development Company. This program as discussed in the previous portion of 
this report is associated with the manufacture of composite radomes by 
mosaic techniques. If this program proves successful, the radome industry 
will have at its disposal the means of fabricating very large structures 
from nonmetallic inorganic refractory materials, The real success of such 
radomes in application is still questionable, for it remains to be seen if 
this type of construction will eliminate any of the problems of thermal 
shock and temperature capability, but there is a good chance that this 
technique can be modified in the next decade to provide the basis for a 
versatile radome fabrication method. 


During the first year's effort, six grades of A1203 plus additional BeO 
adhesives were investigated for use on this program, Four were satisfactory. 
The BeO, although satisfactory, was eliminated on the basis of handling. 

All dense Alp03 bodies with greater than 97.6% purity were acceptable from 
an electrical standpoint. 


The current efforts of Interpace to develop a sandwich radome structure 
shows promise as a means of improving thermal shock characteristics, and 
providing a broadband capability not presently available. It appears quite 
likely that the technology associated with the development of low density 
nonmetallic inorganic refractory bodies will advance sufficiently to provide 
the capability of making a satisfactory foam from almost any refractory 
composition. At the present time, it is possible to make foamed structures 
not only from A1203; but also from Zy,0o,ThO,and MgO. Work is also in 
progress to develop a useable foam from silica glass. The development of 
a foamed BeO body may serve to provide additional elevated temperature and 
thermal shock resistance capability beyond that obtained from the present 
A1903 foamed interlayer structure. 


INTERPACE has worked on this process since 1959. It appears that the 
methods of controlling both the dense skin and the 91% Alj03 foam inter- 
layer are now well defined. A number of experimental radomes have been 
fabricated and it is anticipated that several of these will soon be ~ 
evaluated for both electrical performance and thermal shock resistance. 


In still another instance, a number of material manufacturers have 
recently been experimenting with the fabrication of aluminum oxide in the 
form of a corrugated sheet. This immediately suggests the development of 
a honeycomb-type radome from nonmetallic inorganic refractory materials. 

In general, honeycomb construction is used as a means of achieving a high 
strength-to-weight ratio for self-supporting radomes. Beyond this struc~ 
tural advantage, a honeycomb construction offers mostly problems; the 

nature of a honeycomb material is such that electrical design of radomes is 
difficult, and it would be expected to exhibit poor thermal shock resistance. 
As a consequence of the problems associated with them, it is doubtful that 
radomes fabricated solely from nonmetallic inorganic refractory material 
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honeycomb construction will be capable of providing satisfactory performance, 


The potential of this type of construction, then, lies only in its use for 
the fabrication of extremely large radomes - in this instance, the non- 
metallic inorganic refractory material honeycomb would be used as a rela- 
tively lightweight structural inner shell, The outer shell could then be 
either a dense skin of one of the dielectric refractory materials, such as 
(Alp03 or BeO), a light weight foam, or a combination of both. 


Beyond these current activities, it has been well established that a 
critical need exists for the development of a material or method of utilizing 
current materials to extend’ the upper limit of both thermal shock resistance 
and temperature capability. Those missile systems presently in the concept 
stage of development cannot be limited by a lack of materials development if 
our missile program is to satisfy the future needs of our national defense. 


1.5 Overall Importance of Materials in the Next Ten Years 
In the preceding section, the four techniques showing the most promise 


in providing radomes suitable for flight on future generations of missiles 
were discussed. With the exception of the current studies concerning radome 


‘fabrication from fused silica, all of these developments are associated with 


fabrication techniques using existing nonmetallic inorganic refractory 
materials. 


This is typical of the situation that arises when designers find that 
the materials used in fabrication are approaching their limit of capability, 
and there is no substitute material available. When this happens, the 
designer must then find a means of providing the material with a somewhat 
artificial | extension of capability gained only by using the material in an 
unconventional manner. To a lesser extent, this was the situation that 
existed at the time the first large radomes were fabricated from nonmetallic 
inorganic refractory materials, even though the materials had the temperature 
capabilities needed, industry had not fully developed the necessary fabri- 
cation techniques. 


At the present time, however, the radome industry must face the fact 
that the current materials themselves may soon become the limiting factor 
in further development. True, the currently available materials are 
satisfactory for use on the existing generation of missiles, and appear to 
be equally suited to application for the next generation, but beyond this 
it is difficult to project the real needs. This is not so much an indication 
of lack of direction on the part of the advanced weapons systems planning 
as it is a lack of information concerning the true ability of various 
materials to survive the future environments. Missile weapons systems are 
procured by the Government on the basis of operational performance. Within 
the limits of economy, then, the design and manufacture of these missiles in 
accordance with the performance specifications is the responsibility of the 
contractor, It is quite likely, therefore, that additional information 
concerning the ability of materials to survive high temperature environments 
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has been obtained during the performance of these contracts, but is contained 
only in obscure internal reports. Certain of the prime missile contractors 
have conducted radome tests in wind tunnels, but these tests were not 
extended beyond the anticipated environment into more extreme trajectories. 
As a result, the test is a go/no-go type which is adequate from a performance 
eriterion standpoint, but does not establish the ultimate performance 
capability. These reports are also closely associated with classified 

design information and are not available for general consumption. 


A study of the data presented in this report should serve to identify 
the real importance of nonmetallic inorganic refractory materials to the 
future of elevated temperature radomes. Two factors become quite important: 
the lack of available data and the inability to properly identify the 
material composition for the data that is in the literature. It is not 
enough to define a material as alumina, for alumina is not always pure 
alumina. Typical of this is the common use of alumina for furnace tubes. 
Manufacturers will normally rate the commercially available products at 
approximately 2000°F if it is made from 85% alumina, while the 98% alumina 
body is expected to perform satisfactorily at temperatures slightly above 
2900°F. In addition, examination of the data presented in this report shows 
a great difference in the corresponding electrical and physical properties. 


During the coming ten years, then, the materials themselves will be- 
come increasingly important, as the emphasis turns from the criteria of 
application performance to one of basic materials development with an effort 
to modify the composition in such a manner that a marked improvement in high 
temperature performance can be realized. It will be increasingly important 
to select materials for an application based upon the ability to withstand 
the most severe environment. It will be essential to compromise on the 
characteristics in both temperature ranges, for it will not be possible to 
find a universal material that performs equally well in any and all tempera- 
tures. In fact, it may very well be necessary to settle for something less 
than optimum performance during those periods of flight when the thermal 
conditions are far less severe than during the moment of maximum thermal 
stresSe 


Basic materials will hold the key to the future advancements of elevated 
temperature radomes, Fabricated from the nonmetallic inorganic refractories. 
The ultimate utilization will not be possible without an intensive effort to 
characterize the materials well enough that the designers can benefit from 
the advantage that this class of material offers in the elevated temperature 
environments, and at the same time learn how to utilize them in such a manner 
that the undesirable characteristics do not limit the total usefulness. This 
must be supplemented by basic materials development research efforts directed 
toward the improvement of all of the material properties vital for use as 
radomes o 
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1.6 Availability of Material Property Information 


The title of this report clearly describes the ultimate zone of this 
program. As discussed earlier, the intention of this effort was to compile 
the available data concerning the use of nonmetallic inorganic refractory 
materials for radome application in order that the present state of the art 
for this usage could be defined. This report does accomplish the objective 
as stated. It has been possible to compile that data on material properties 
that is available, and to augment this with visits to the facilities involved 
in radome use or development. 


During this contract effort, 7000 documents were reviewed for informa- 
tion.e This number included DDC documents, papers, personal communications, 
Government reports other than DDC, DMIC memos, bibliographies, patents, and. 
text books. Twenty-four facilities were visited during the contract period. 


It is the undefined goals beyond the assigned task that require further 
consideration. When this program was initiated, Melpar & ASD desired to 
provide more than just a survey of the state of the art. There is a definite 
need for information that would allow the selection of the best material 
within this class for use in any radome requirement. Further, future 
development of missile systems now in the concept stage must rely upon 
scientists! ability to establish a needed sense of direction in materials 
development in order that final performance criteria need not be arbitrated 
by materials limitations. 


This contract effort succeeds in pointing out the lack of true 
materials development. Examination of the contract efforts listed in 
section 1.3 provides an explanation for this lack. During the initial 
transition from plastic materials to the nonmetallic inorganic refractory 
types for use at elevated temperature, radomes work was carried out at a 
rather hurried rate, to satisfy an operative need. As a result, the 
contractors could not be concerned with whether or not the material was 
optimum for the application; instead, the only real criteria was performance. 
In the majority of instances the contract efforts concerning the use of non- 
metallic inorganic refractory material for radomes were devoted to the 
techniques of fabrication. In a sense, the contractor recognized the need 
for those types of materials in construction and set about to find a way to 
fabricate satisfactory radomes from them. This meant that little if any 
attention was given to a real evaluation of the material as a dielectric, 
or structural material. Instead, the criteria for acceptability became two- 
fold. First, a given material had to survive a missile flight, functioning 
electrically; and once this had been accomplished, the criterion became one 
of uniformity of material from a given supplier. Little concern was 
evidenced if one supplier fabricated a radome from a basic material that was 
slightly different from another as long as each manufacturer produced the 
same body each time he filled an order. This is to say that if a body was 
uniform, the missile contractor was willing to adjust his grinding operation 
for each supplier. 
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The data presented in this report demonstrate that there is a difference 
between the materials supplied by various manufacturers. This is partially 
due to the fact that for many years the fundamental yardstick used to 
categorize a nonmetallic inorganic material was the "percent of the major 
oxide." Aluminum oxide is not supplied in terms of its chemical composition, 
but rather by the manufacturer's body trade designation coupled with a 
knowledge of the fact that it is an 84%, 90%, or 99% body. Within this one 
limit, the manufacturer can use his own discretion as to binder, or other 
additives to promote the fluxing and sintering of the composition of his 
choice. The selection of constituents, then, will allow an individual to 
work with a firing temperature that may best suit his manufacturing facility, 
- or utilize a different type of pressing equipment to ae OMD ates the initial 
forminge 


It is well known that these small variations in chemical composition 
are extremely important in the overall process. This is clearly demonstrated 
by the fact that during this contract, the majority of the materials 
manufacturers would not release the chemical composition of their bodies. 
This information was considered proprietary by each company and, therefore, 
vital to their economic interests. This reasoning can be understood, for if 
the composition is unique and capable of yielding a body that has numerous 
advantages over that of a competitor, one must honor their wish in not 
making this information public. It is easy to scoff at this attitude, and 
state that the lack of material identification by composition imposes a 
' severe Limitation upon the value of the information presented in this report. 
However, the knowledge of material identification by composition in itself 
would only be a partial solution, for it would still not answer the question 
as to what the properties of these bodies would be if these percentages of 
composition were varied, even only slightly. Furthermore, very little in- 
formation concerning the basic dielectric, thermal, and mechanical properties 
is available at all. 


Several factors enter into the general lack of materials development 
and characterization. One of these is most certainly the economic considera- 
tion. On one hand, the missile contractors choose to lay the full responsi- 
bility of materials development upon the manufacturer, feeling that if a 
supplier wishes to succeed, he must expect to constantly improve his basic 
product line. Thus, when the need for a more exotic material presents 
itself, it will merely be a matter of making a radome from a material that 
is now a stock item. The materials supplier, however, does not share this 
view. He feels that radome production represents only a small portion of 
his gross business, and that he cannot afford to invest company support in 
development of either basic materials or new fabrication techniques prior to 
the need of the missile industry. This situation is further complicated by 
the fact that materials suppliers are not sure what the criteria for 
materials characteristics should be. 


One of the contributing factors to the situation is the fact that the 


nonmetallic inorganic refractory radomes used to date have realized 
impressive success in operation. 
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Radomes fabricated from these materials have been in use for some time 
on several operational missile systems. To date, there has not been a single. 
missile failure that can be traced to the radome itself. Further, in the 
evaluation stages of these various contracts, many radomes have also been 
flown. In only one instance has a failure occurred in a radome during flight. 
This was reported by General Dynamics. During the early phases of one of 
their prime contracts, the radome failed on two successive flights. This 
was traced to the thermal shock, and the staff of General Dynamics was able 
to establish the fact that the radomes, as received, were not evaluated for 
thermal shock resistance. The acceptance criteria of the radomes were changed 
such that each radome is now subjected to a thermal shock of 125 percent of: 
flight value after fabrication as a blank. If the radome survives this shock, 
it is then ground to final dimensions. Prior to shipment to General Dynamics, 
it is again tested in thermal shock - this time to 100% of the flight 
trajectory shocke Since that procedure has been established, no further 
failures have been experienced. 


The fact that radomes fabricated from nonmetallic inorganic refractory 
materials have demonstrated such a high level of performance and reliability 
seems to indicate that, in almost all cases, the materials are actually 
capable of even more severe environments. Furthermore, the trajectories of 
the generation of missiles presently in the prototype stage are only slightly 
more severe. Consequently, it appears that existing materials will be 
adequate for most uses envisioned for the remainder of this decade. 


Melpar concludes, therefore, that there is a need for basic materials 
development in the near future, if the requirements of operational missile 
systems for the 1970 era are to be met. The program currently being performed 
by the Georgia Institute of Technology, mentioned in section 1.}; of this 
report, has some promisee In this approach, a number of experiments are 
being conducted to ascertain the effects of additives to the basic composition 
on the electrical, mechanical, and thermal properties as a function of 
temperature. 
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26 IDEAL RADOME MATERIALS 


The primary objective of this study is the compilation of the currently 
available data concerning nonmetallic inorganic refractory materials with 
respect to the fabrication of radomes for use at elevated temperatures. The 
basic elevated temperature characteristics for each material investigated 
are presented in this report. All data were carefully reviewed and analyzed 
and only data of known reliability are included. Thus, the reader is pre- 
sented with property data that will serve two purposes: {1) provide a know- 
ledge of the relative ability of a given material to perform satisfactorily 
as a radome under various temperature conditions, and (2) allow an immediate 
appraisal of the state of the art for each material, 


It is not the purpose of this report to treat in detail the basic prin- 
cipals governing the electrical and structural design of an operational 
radome; rather, this information is presented only to provide a knowledge of 
the materials themselves and their performance as a consequence of exposure 
to the environments experienced in use as a radome, Obviously, the applica- 
tion of these data to radome design requires a complete knowledge of all the 
electrical and mechanical requirements imposed by each specific vehicle. To 
provide an elementary understanding of the overall complexity of radome de~ 
sign, this report includes a very brief survey of the electromagnetic and 
structural requirements in Sections 5 and 6, respectively. For a detailed 
consideration of all of the aspects of Radome Design, the reader is referred 
to WADC TR 57~67 and the current revision of this document. 


The application of theory. to practice is entirely dependent upon the 
ability to fulfill each of the boundary conditions imposed by the mathe- 
matical model. This can only be accomplished through careful consideration 
of those materials and components available that can be used to implement 
the theory, and the selection of those most nearly suited to the theory. In 
the final analysis, any product is the result of a series of compromises and 
its ability to perform the desired function is completely dependent upon the 
extent to which it was necessary to arbitrate the design criteria when the 
functional unit was assembled. This situation becomes quite apparent in the 
case of radome design, The radome becomes the last element in a long series 
of compromises that must be made, 


Assuming that the designer has been able to achieve a completely satis- 
factory design up to and including the antenna itself, based upon available 
material and electrical power, another condition must be satisfied. This 
antenna has been designed upon theory assuming free=space conditions that have 
been further modified to account for the presence of an atmosphere; now it 
must be protected from still another environment which it will encounter in 
its use, The function of a radome is well defined--it mast provide maximum 
protection and, at the same time, have a minimum effect upon the propagation 
characteristics of the electromagnetic energy transmitted by the antenna. 
Frequently, a radome is necessary in the performance of a ground-base 
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antenna system. In some instances, this is a requirement to protect the 
antenna from the weather elements of rain, snow, etc. In others, itis a 
result ‘of the use of an antenna so large that a constant temperature and 
humidity atmosphere must be maintained to retain critical dimensional 
Stability, by avoiding any changes in configuration due to thermal expansion, 


In the case of a missile radome, the antenna must be protected from much 
more severe environments. The radome mast be capable of providing the de- 
' sired protection for an antenna, and, at the same time, it must disturb the 
electromagnetic field as little as possible. Any radome must necessarily 
introduce an interface and physical material into the direct path of an 
electrical field of an antenna, The total ability of the radome system to 
direct this energy accurately is then dependent upon the dielectric properties 
of the material used to fabricate the radome. 


The ideal radome material, based upon electrical considerations, is one 
that is very transparent to electromagnetic energy, such that a minimum of 
power is lost in transmission through this material. The actual value of the 
dielectric constant of the ideal radome material is of little concern; how= 
ever, both the dielectric constant and its associated loss tangent should 
experience no change in value as a consequence of use at different frequencies 
or temperatures. Physically, the ideal radome material should not change in 
size or shape upon exposure to elevated temperatures. Since the dielectric 
constant of the radome material determines the final shape of the transmitted 
radiation pattern, it is essential that the material be homogeneous, Iso~ 
lated areas introducing a dielectric constant different from that of the rest 
of the radome will result in the distortion of this portion of the radiation 
pattern, 


Structurally, the ideal radome material must retain physical integrity 
throughout the entire flight trajectory in the presence of the resulting 
aerodynamic loading and thermal stresses, 


Logically speaking, no single material can possibly satisfy all of 
these requirements, since no material can behave as free space and, at the 
same time, afford physical protection, Design, then, becomes a matter of 
Selecting a material that will reasonably satisfy both the electrical and 
physical requirements. 


2.1 The Comparison of Existing Materials with the Ideal Model 


In many instances it is possible to accomplish easily a comparison of 
material properties with application. needs since the standards or limits of 
operation are clearly defined. Moreover, each fundamental element of the 
material requirements can be separated from the rest with little or no conse- 
quence, Such situations usually arise in the case of operation under nearly 
static conditions. The large ground radome would be a good example of this, 
for the radome itself experiences only a small change in temperature. and, 
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as a result, none of its electrical or physical properties can be expected 
to change drastically from hour to hour or season to season. The designer 
for such an application can then easily select an ideal set of electrical 
and physical properties, 


The physical size is merely that required to enclose completely the an- 
tenna system that is to be protected, The size considerations allow an imme- 
diate calculation of the structural load caused by wind, rain, or snow, The 
additional calculation of the structural load resulting from the weight of 
the radome structure itself is dependent upon the total size, whether or not 
a monolithic radome can be used, or if it is necessary to reinforce the 
radome through the use of ribs, or a fabrication technique such as the use 
of a honeycomb material. The basic knowledge of the radome size, then, allows 
one to establish quickly a model of the ideal material. If the radome is to 
be small, the obvious choice is a thin-wall design, This will provide opti- 
mum transmission characteristics with a low dielectric constant, and a low 
dielectric loss, As long as the loss tangent is less than 0,01, the trans- 
mission of the total system will be satisfactory. The physical requirements 
can be determined in terms of the tensile, flexural, and compressive strengths 
that will be experienced in use, Once this list of properties has been 
established, the candidate materials can then be compared directly with the 
model by the examination of each individual characteristic of both, 


The extension of ground=base radome design to elevated temperature use 
could be accomplished with comparative ease, if the radome under considera- 
tion were to operate only at one elevated temperature, and it could be 
assumed that the temperature of the radome would be established at the oper- 
ational temperature through a slow heating process, This condition would 
also represent static application, and an ideal radome material model could 
once more be defined, based upon the static operational envirorment. In 
this instance, the electrical properties of the model would again be based 
upon the necessity of a loss tangent of less than 0.01, in order to achieve 
satisfactory transmission, and the dielectric constant would once more be 
determined by the specific radome design selected to realize structural in- 
tegrity, The ideal model would than have a set of physical and electrical 
properties associated with it that could be compared with those of the candi- 
date materials. In this instance, a knowledge of the basic electrical and 
physical properties as a function of temperature would allow a direct one- 
to-one comparison with each property of the ideal model at any one tempera- 
ture. 


Unfortunately, the missile radome does not operate under static con- 
ditions. During its flight trajectory, the missile is subjected to aero- 
dynamic drag that causes the radome to heat up. These same aerodynamic 
forces impose high levels of structural stress upon the radome. Both the 
heating and structural loading are extremely transient in nature, The 
addition of a transient temperature environment complicates the identifi- 
cation of an ideal radome material still further, for it is now necessary 
to include into the basic material requirements not only a knowledge of the 
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radome type, but also a detailed knowledge of the specific missile flight 
trajectory. This means that the selection of a material for the fabrication 
of a missile radome can only be accomplished after consideration of the inter- 
action of the thermophysical properties of the material resulting from the 
transient heating. As a consequence, it is impossible to base the design of 

a radame for missile application solely upon a knowledge of the material 
properties as a function of static temperatures. The design of each missile 
radome must be accomplished as an individual case and no single ideal radome 
material can be considered as typical for all missile radome applications, 


It must be emphasized that any attempt to select a nonmetallic inorganic 
refractory material for the fabrication of a radome for use at elevated 
temperatures cannot be accomplished without detailed consideration of the 
specific missile operational characteristics, Section 6 of this report pre- 
sents a typical example of the manner in which each of the material charac- 
teristics must be analyzed to insure satisfactory performance of a radome 
fabricated from these materials, 


Each of the inorganic refractory materials is unique, and must there~ 
fore be individually considered, The reader's attention is called to the 
fact that the data compiled during this study are presented as individual 
plots, or data points, This has been done to prevent the possibility of 
anyone uSing average values as ultimate standards of performance. The 
reader is cautioned against such a mistake, for the data that are presented 
in this report clearly demonstrate the existence of significant differences 
in materials produced by different manufacturers and fabrication techniques, 
The extreme interdependence of all of the material characteristics must also 
remain foremost in the mind of the designer, 


In the discussions that follow, the general characteristics of non- 
metallic inorganic refractory materials as a consequence of exposure to. 
elevated temperatures will be discussed in very general terms. No attempt 
is made to relate these characteristics to any one missile system; rather, 
this information is presented to draw attention to the basic differences 
between these materials and the types of problems associated with their use. 


The first concern in the selection of a radome material must necessarily 
center around the dielectric characteristics, Since the dielectric constant 
must be something in excess of 1.0, and the material must have a dielectric 
ioss associated with it, immediate consideration must be given to the speci- 
fic radome design type. The characteristics of a thin-wall design, as dis- 
cussed in Section 5 of this report, are very attractive in terms of the over- 
all propagation efficiency. Unfortunately, in the case of the nonmetallic 
inorganic refractory materials, the structural integrity of the radome would 
be poor, and a thin-walled design is not usually practical. Sufficient 
structural strength is normally obtained if radomes fabricated from non- 
metallic inorganic refractory materials are based upon a half-wave electrical 
wall thickness (also discussed in Section 5 of this report), Since the total 
wall thickness of a half-wave radome design is inversely proportional to the 
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one~half power of the dielectric constant, it is desirable to have a relatively 
high dielectric constant to prevent the radome from becoming extremely heavy. 
In this respect, the dielectric constant of most of the available nonmetallic 
inorganic refractory materials is satisfactory. In almost all cases, the 
dielectric constant is in excess of 5.0, and frequently as high as 9.0, Again, 
the loss tangent must be less than 0,01 and, since almost all of the inorganic 
nonmetallic refractories exhibit a loss tangent approximately one order of 
matnitude less than this, they are quite satisfactory. 


‘The dielectric characteristics of the nonmetallic inorganic refractory 
materials all change significantly at elevated temperatures, The specific 
design of the radome and its associated antenna determine whether or not 
this change is prohibitive. In many cases, the loss tangent at microwave 
frequencies is still less than 0,01 at temperatures as high as 2000°F, which 
should still allow adequate transmission, The change in dielectric constant, 
however, may result in an effective electrical wall thickness so different 
from the half-wave design thickness as to reduce the transmission below the 
required level, 


The second broad category of materials properties that must be considered 


is that of structural strength and the interaction of each of the individual 


properties as a result of the thermal characteristics and the exposure to 
transient thermal environments, Earlier in this report, it was stated that 
Melpar was directed to concentrate the efforts of this study upon the dielectric 
characteristics of the nonmetallic inorganic materials and the use of these 


materials as radomes, This direction was taken in order to avoid duplica- 


tion of the two other ASD-sponsored contracts associated with the thermal 
and mechanical properties of the nonmetallic inorganic refractory materials, 
While certain of these data are presented in this report, the reader is 
referred directly to the final reports of those two Air Force contracts, 

AF 33(657)-8326 and AF 33(657)-806), for a complete compilation of these 
data, 


Again, the data concerning the mechanical and thermal properties of 
the nonmetallic inorganic refractory materials should be treated as indi- 
vidual characteristics, unique to a given manufacturer and fabrication 
process, As pointed out in these reports, the experimental techniques used 
to obtain these data must also be studied to ensure the significance of these 
data relative to any given application, 


At the present time, the principal concern of the radome industry is 
not the ultimate strength of the inorganic nonmetallic refractory materials 
at elevated temperatures, but rather the ability of these materials to 
withstand the thermal shock experienced in normal flight trajectory. In 
addition to the requirement for useable dielectric characteristics, the 
thermal shock resistance of a material is rapidly becoming the major con- 
sideration, The importance of this factor in radome design is demonstrated 
by the fact that contractors such as the General Dynamics Corporation incor- 
porate actual thermal shock test procedure into the quality control proce- 
dures for production acceptance, 
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Thermal shock is the consequence of the interaction of several of the 
basic properties of a given material. In the case of a radome, it occurs 
when the outside surface of the radome wall is suddenly heated to an exe 
tremely high temperature as a result of the aerodynamic drag. Since the 
thermal conductivity of the nonmetallic inorganic refractory materials is 
quite low, the inside surface of the radome wall does not begin to increase 
in temperature until the outside surface is very hot and a sharp thermal 
gradient is established through the thickness of the radome wall, The out- 
side surface begins to expand immediately upon being heated, while the in- 
side surface remains cool and does not expand, As a result of the differ- 
ential expansion of the two surfaces, the outside surface is placed in can- 
pression and the inside surface in tension, If the resulting tensile stress 
exceeds the ultimate tensile strength of the material of which the radome is 
made, the radome will fail. The compressive strength of the nonmetallic in- 
organic refractory materials is much higher than the tensile strengths so 
that failure occurs in tension, . 


The seriousness of this problem with respect to high performance ve- 
hicles must not be overlooked, The current revision of WADC TR 57-67 covers 
this topic in considerable detail. In addition, the results of a number of 
sled tests conducted at NOTS, China Lake, California,are presented. 


The complete study of the phenomenon of thermal shock requires consi- 
deration of thermal conductivity, thermal expansion, strength, elastic 
modulus and, even more important, a detailed knowledge of the thermal trans- 
fer coefficient between the material being subjected to thermal shock and 
the surrounding environment.°? Since this topic is discussed in adequate 
detail in the current revision of WADG-TR 57-67, Melpar refers the reader to 
that document, In addition, the details of the heat transfer coefficient 
are discussed in Section 6 of this report. 


Currently, aluminum oxide and Pyroceram are the only nonmetallic ins 
organic refractory materials being used in the fabrication of operational 
radomes, Pyroceram exhibits thermal shock characteristics superior to those 
of aluminum oxide, One of the major reasons for the present consideration 
of fused silica as a radome material is the fact that its thermal shock re- 
sistance is superior to both Pyroceram and aluminum oxide, - Beryllium oxide 
has not yet been used as a radome material, but the thermal shock resistance 
of this material is excellent, although probably not as good as that of 
fused silica, Magnesium oxide is considerably poorer in thermal shock re= 
sistance than aluminum oxide, Spinel is comparable to aluminum oxide in 
thermal shock resistance, Boron nitride should exhibit considerably better 
thermal shock resistance than aluminum oxide, 


Review of the property data presented in this report clearly demonstrates 
the uniqueness of each of the nonmetallic inorganic refractory materials, 
It would be well to discuss the basic properties of each of these materials 
in order that one may better see the role that each will play in the present 
and future development of radomes for use at elevated temperatures, 
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Aluminum Oxide. (3.98 gm/om?’) Melting Point 3630°F, 


Aluminum oxide is currently being used in the fabrication of radomes 
for operational missile systems, The dielectric constant of aluminum oxide 
at microwave frequencies is dependent upon the purity of the particular 
body. A 99.5% body will exhibit a dielectric constant of the order of 9.6, 
with a loss tangent of 0,0001 at ambient. The value of the dielectric con= 
stant changes in a reasonably linear manner as the temperature of the 
material is increased to 2500°F, at which time the value is approximately 
12,0, The loss tangent increases more rapidly, and approaches a value of 
0,01 at this same temperature, As the purity of the aluminum oxide body 
decreases, the dielectric characteristics are lower at ambient. A typical 
85% body has a dielectric constant of 8.3 and a loss tangent of 0.0010 at 
ambient. The dielectric constant increases to 9.5 by 1800°F, while the loss 
tangent is already 0,010, 


Radomes are normally fabricated from a 97%, or higher, purity aluminum 
oxide body to realize the best possible dielectric characteristics. The 
tensile strength of a 99% aluminum oxide body can be expected to be of the 
order of 32,000 psi at ambient, while the modulus of rupture is approxi- 
mately 50,000 psi. The tensile strength starts to drop off rapidly at 
500°F and reaches a level of about 25,000 psi at 1600°F and 11,000 psi at 
2500°F. The flexural strength, however, retains the ambient level until 
approximately 1000°F, at which time it drops very rapidly to 25,000 psi at 
2000°F and about 10,000 psi at 2500°F, The modulus of elasticity of a 99% 
body, which is 51 x 106 psi at ambient, drops to 47 x 10 at 1500°F and 39 
x 106 psi at 2500°F, The normal total emittance of a 99% aluminum oxide 
body drops rapidly from a value of 0.79 at ambient to less than 0,5 at 
2000°F, The thermal conductivity of a 99% aluminum oxide body drops rapidly 
from a value of 0,10 cal/cem/sec°C to a value of 0.020 at 2500°F, The speci-~ 
fic heat of the same 99% aluminum oxide body rises from a value of 0,23 
Btu/1b/°F at ambient to 0.31 at 1600°F, after which it drops back down to 
0,25 at 2500°F, The coefficient of thermal expansion for a 99% aluminum 
oxide body is 3.45 x 1076 in/in/°F, The maximum useable temperature for a 
99% body is generally considered to be approximately 3050°F, ; 


Aluminum oxide will continue to be useable material for the fabrication 
of radomes to be used on vehicles that do not require high thermal shock 
resistance, It is doubtful that any aluminum oxide body will be capable of 
operation at temperatures above 3200°F, which appears to be the upper limit 
for even a 99.9% body. . The fabrication techniques for monolytic aluminum 
oxide radomes are well defined and, as mentioned elsewhere in this report, . 
its use is also anticipated both for multilayer structures using a foamed 
aluminum oxide interlayer and for the mosaic fabrication technique currently 
under investigation. 


Beryllium Oxide. (3.0 em/ em”) Melting Point 620°F, 


Unlike aluminum oxide, beryllium oxide has not yet been used as a 
radome material in operational weapons systems, The primary reason for this 
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is the expense required to develop the fabrication techniques and problems 
arising from its toxic nature, The dielectric constant of beryllium oxide 
is in the order of 6.4 for a 99.5% body at 10 ge and ambient, with a loss 
tangent of 0.0001. The dielectric constant increases to 9.0 at 2800°F, 
while the loss tangent rises to 0.0005 at this temperature. The thermal 
conductivity of beryllium oxide is much greater than that of aluminum oxide, | 
exhibiting a value of approximately 0.5 cal/cm/sec°C near ambient, and fall- 
ing to a value of 0.039 at 2500°F. The tensile strength of beryllium oxide 
is also lower than that of aluminum oxide, with a value of approximately |... 
17,000 psi at ambient. This drops to only 1200 psi at 2500°F; however, it 
remains at 13,000 psi at 1500°F, The flexural strength of beryllium oxide 
is of the order of 37,000 psi at ambient, increasing slightly to 39,000 psi 
at 1500°F and then dropping rapidly to 13,000 psi at 2000°F, Beryllium 
oxide has a coefficient of thermal expansion of appr ney Oe3- %, LOT 
in/in/°F, The Young's modulus of beryllium oxide is 6 x 10° at ambient. 


Although the melting point of beryllium oxide is well above 500°F, it 


is doubtful that this material will be useful much above 3500°F, While 


beryllium oxide has not gained acceptance as a radome material, it has been 
used extensively as a microwave window material for high power transmission 
systems, This is primarily due to its high thermal conductivity and low loss 
characteristics. 


Boron Nitride, (2.25 em/cm) Melting Point: » 5000°F, 


Boron nitride, like beryllium oxide, has been suggested as a radome 
material for a number of years. Again, however, no effort has been made to 
develop the fabrication technology sufficiently to make a radome from this 
material. The dielectric properties displayed by boron nitride are very 
attractive, The dielectric constant and loss tangent are about 4. and 
0,0001, respectively, at ambient. They rise only to 4.52 and 0.0017, 
respectively, at 1800°F and a test frequency of 9.375 gc. At a test fre- 
quency of 4,83 gc, the dielectric constant changes from 5.1 to 5.2 upon 
reaching 2400°F, and the loss tangent is only 0.0002. The fact that boron 
nitride does not melt, but sublimes, at 5000°F should make it an excellent 
candidate for high temperature radome use. The major concern regarding the 
use of boron nitride as a self-supporting radome would center around its 
poor mechanical properties, The modulus of rupture for boron nitride is of 
the order of 10 to 15,000 psi at ambient, and this value drops off rapidly 
to only about 2,000 psi at 1500°F. At the same time, the modulus of elas- 
ticity is only about 15 x 103 psi at ambient, dropping, in a manner similar 
to the modulus of rupture, to only or 5 x 103 psi at 1500°F. The thermal 
conductivity of boron nitride is comparable to aluminum oxide at temperatures 
below 2000°F, The coefficient of thermal expansion, however, is rather high. 


Magnesium Oxide. (3.57 om/cin”) Melting Point-5070°F, 


Magnesium oxide also shows interesting possibilities as a material for 
the fabrication of elevated-temperature radomes, The dielectric constant 
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is 9.5 at a frequency of 9.375 gc and ambient temperature, It increases to 
10.8 at 1800°F; however, the loss tangent is less than 0,0001 throughout the 
entire temperature range, The coefficient. of thermal expansion and the 
thermal conductivity are both comparable to aluminum oxide. The tensile 
strength of an 89% body of magnesium oxide is about 15,000 psi at ambient, 
However, it retains this level of strength to a temperature of 1500° F, at 
which time it drops to 5,000 psi at 2500°F. The modulus of rupture starts 
at about 24,000 psi at ambient, increases to 28,000 psi at slightly over 
1000°F, and then drops to 10,000 psi at 2250°F, If the dielectric charac- 
teristics of this material are as good above 2500°F as they are below this 
temperature, this material should be an excellent choice for development 
efforts to attempt to make a useable radome from it. 


Pyroceram. (2.59 - 2.62 gm/ cm?) Softening Point 2)62°F, 


The half-wave wall thickness for Pyroceram is 0.683 cm at a frequency 
of 9.375 gc. Like aluminum oxide, Pyroceram is also enjoying use in actual 
production of operational radomes. Pyroceram can be used for extended periods 
of time at approximately 1850°F, Pyroceram can withstand a temperature of 
2375°F for periods of 1 minute, and 2200°F for a duration of 5 minutes. The 
dielectric constant of Pyroceram is 5.65 at a frequency of 9.375 ge at 
ambient, with a los tangent of 0.0002. The dielectric constant increases to 
5.97 at 2000°F, while the loss tangent increases to 0.0138, All of the 
radomescurrently being used are manutactured from the Corning Glass Works! 
formulation number 9606. In almost all cases, the surfaces of the radomes 
are chemically strengthened, It is anticipated that Corning Glass will soon 
release a new Pyroceram material that is expected to show significant improve- 
ment in all of the properties of the 9606 formulation. The thermal conduc- 
tivity of Pyroceram is slightly lower than that of aluminum oxide, with a 
value of 0,010 cal/sec/cm°C at ambient. This value drops to approximately 
0.007 at 2200°F. The coefficient of expansion of Pyroceram is approximately 
3.17 x 10-6 in/in/°F, which is also slightly lower than that of aluminum 
oxide. The normal total emittance of Pyroceram drops from a value of 0,85 
at ambient to 0.60 at 2200°F,. The modulus of rupture for Pyroceram at 
ambient is 36,000 psi, dropping off to 31,000 psi at 900°F, and 10,000 psi 
at 1850°F, The modulus of elasticity of Pyroceram is rather ,interesting in 
ae it drops from an ambient temperature level of 17.4 x 10” psi to 16.6 x 

psi at slightly over 300°F, The value of the elastic modulus then in- 
creases to 17.8 x 106 at 950°F, after which it drops rapidly to 16.6 x 10 
at about 2200°F, Pyroceram has exhibited excellent performance during use 
on several missiles, It appears, however, that the next generation of many 
missiles will replace this material with one capable of surviving a higher 
elevated temperature, 


Fused Silica, (1.9 gm/om”) Melting Point 3144°F. 


The thickness for a half-wave wall fabricated from fused Silica, 
(K = 3.84), Corning 915C, for operation at 9,375 gc would be 0,873.cm, 
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The dielectric constant of pure fused silica at 10 gc and ambient temperature 
is. 3,35 with a loss tangent of 0,0023, These values increase to 3.57 and 
0,0090, respectively, upon heating to 2500°F, At the present time, fused 
Silica radomes have not been used on any operational vehicles; however, ex= 
tremely interested missile contractors are considering this material for use 
on several new missiles, Not only is fused silica relatively inexpensive to 
fabricate, but it exhibits outstanding thermal shock characteristics, An 
additional benefit is also gained from its low dielectric constant and den-= 
sity, for radomes fabricated from fused silica have performed very well 
under conditions of rain erosion, Vitreous fysed silica has a very small 
coefficient of thermal expansion -- 0.3 x 10°° in/in/°F and, although the 
modulus of rupture is only 5,000 psi at ambient, it increases gradually to 
about 7,000 Pes at 1900°F, The modulus of elasticity is also’ low, being 
only 10,0 x 10% psi at ambient, The thermal conductivity of fused silica is 
very low, being only about 4% of the value for aluminum oxide, 


The fact that fused silica retains its original strength levels, al- 
though low, at elevated temperatures makes this a definite material to con- 
Sider at the temperature levels above that experienced by Pyroceram, A 
large effort has also been devoted to the study of additives to the fused 
silica slip in an effort to improve mechanical properties while, at the same 
time, not adversely affecting the electric characteristics, The fact that 
fused silica will actually ablate under extreme heat is also of interest, 
This may point the way to a radome that will perform satisfactorily for short 
periods of time at temperatures in excess of 000°F. 


Spinel. (3.59 gm/ om”) Melting Point 3875°F, 


The thickness required for a half-wave radome wall at 9,375 ge is 0,55 
em, The dielectric constant of spinel at ambient temperature and a frequency 
of 9,375 is 8,25, with a loss tangent less than 0,0001, At 2400°F, the di- 
electric constant has increased to 10,57 and the loss tangent is.0.0102. The 
coefficient of thermal expansion of spinel is approximately the same as that 
of aluminum oxide, Thermal conductivity, however, is only about one-half 
that of aluminum oxide, The tensile strength drops rapidly from 18,000 psi 
at ambient to about 2,000 psi at 2400°F, The modulus of rupture, however, 
remains about the same (12,000 psi) from ambient to 1600°F, The modulus pf 
elasticity is also about half that of aluminum oxide, starting at 35 x 10 
at ambient and dropping to 20 x 106 at 2500°F, Spinel, like boron nitride, 
has been suggested as a radome material for. many years. As of this writing, 
however, there has been no serious effort to use this material in the fabri- 


cation of radomes, 


Numerous other materials have been suggested for radome application 
over the past 5 to 10 years, but no data were available to provide a basis 
for judging them to be good or bad. 
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2.2 The Necessity of Sacrificing One Property to Realize Improvement in 


Another 


Throughout this report, frequent reference is made to the temperature 
dependence of the properties of a material as well as the fact that charac- 
teristic behavior is quite different for each material studied, Brittle 
materials, such as a nonmetallic inorganic refractory, are rather unique in 
that, in some instances, the material is really more useable at extreme 
temperatures, Although the maximum strength has been lowered as a result of 
such an exposure, the mechanical behavior more closely resembles that of a 
ductile material, This could prove to be a decided advantage in the case of 
certain missile trajectories. If a nonmetallic inorganic refractory radome 
was subjected to a trajectory that resulted in aerodynamic heating to a 
temperature at which this behavior is exhibited, the radome could then be 
pushed into a much more severe trajectory for the remainder of the flight 
with less chance of catastropic failure due to thermal shock, 


In the case of the very high performance vehicles expected to become 
operational in the next decade, it may well be necessary to take advantage 
of still another mechanism of physical behavior at very high temperatures, 
This could be realized in an instance when the aerodynamic heating is almost 
instantaneous, . In such instances, the nonmetallic inorganic refractory 
radome does not have sufficient time to conduct any appreciable heat through 
its thickness, Under these conditions, the surface of the radome would 
actually undergo ablation, If the trajectory of the vehicle at this point 
was such that its mission was accomplished, or its velocity rapidly reduced 
and the flight course then directed onto a path resulting in greatly de-= 
creased aerodynamic heating, the radome could possible survive the total 
flight without ever experiencing thermal shock in the normal sense of the 
term, The ability of nonmetallic inorganic materials to survive an ablative 
atmosphere for short periods of time has been demonstrated experimentally. 


In either of these situations, it is obvious that the missile system 
would require a design that would allow the radar transmission character- 
istics to suffer from extreme attenuation and dispersion during this short 
period of time, It is quite likely, however, that such a sacrifice will be 
necessary to realize the desired tactical performance of these future 
missiles. 


A similar ‘coripromise has been made in one of the present-day operational 
missiles, One of the contractors has found that the temperatures experienced 
in flight cause an increase in dielectric constant that is too large to be 
accomodated in the basic antenna design. To overcome this material charace 
teristic, the radome is machined thinner than the design required, based 
upon optimum electrical thickness at ambient temperature, Once the vehicle 
has reached flight velocity, the combination of increased dielectric constant 
and thermal exapnsion characteristics results in an optimum matching of the 
antenna and its radome, 
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Examination of the data reported in the Appendix to this report will 
allow one to visualize a countless number of situations of a similar nature 
that might arise in the development of a nonmetallic inorganic refractory 
radome, The necessity of a trdde-off is not limited to just the detailed 
design but is an essential part of both the material selection and the 
specific fabrication process, Typical of this is the fact that the final 
step in manufacture of any radome is the use of a corrective dielectric tape, 
After final grinding, the radomes are individually boresighted using antennas 
of the type they will protect. The localized area of slightly different 
dielectric constant (present in almost any radome) must then be corrected to 
insure that the antenna will have the required propagation pattern in actual 
use. 


, It is possible for the designer to correct a given radome design to 
account for those unexpected deviations of material behavior that are dis- 
covered during the initial evaluation of a prototype. This is certainly not 
desirable, however, for itwuld be much more efficient, and far less expensive, 
if all of the material characteristics relative to temperature and frequency 
dependence were well enough defined that such an instance would not arise, 
More important is the fact that, in some instances, the particular material 
might not have been selected if the material characteristics had been com- ~ 
pletely defined. True, the final application of any material to radome usage 
is only verified by fabrication of such a radome followed by boresight and 
flight evaluation, tut this sequence of events could progress with more 
assurance and ease if the needed material property information was readily 
available. 


2.3 Improvement of Present Materials 


At the present time, the need for improved nonmetallic inorganic re- 
fractory materials to survive the future missile flight trajectories is be- 
coming more and more apparent, Unfortunately, the information upon which 
future material development should be made is quite limited. In addition, 
it appears that the communication between the materials manufacturers and 
the missile contractor are not always as good as desired. Much of this 
arises from the fact that the nonmetallic inorganic refractory materials are 
still new to many persons. The processes used to produce and fabricate these 
materials into useable configurations are unique to this general class of 
materials, As a consequence, in order that the advantages of these materials 
may be used to the fullest extent, it is necessary to understand all of the 
limitations both in processing and in basic properties, 


It is most important, as the future environments are increased to the 
3000° to 4OOO°F limits, that the designers and materials manufacturers 
expend a greater effort to provide the materials capable of fulfilling these 
radome requirements, 
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Several factors will obviously enter into the major materials develop- 
ment program in the next five to ten years. One of the most. important of 
these, which shouldnot be overlooked, is the dissemination of the materials 
information. 


In one instance, a missile manufacturer stated that the main reason 
Pyroceram was selected for a:number of their applications was the fact that 
the information concerning aluminum oxide radomes, generated under an. Air 
Force contract in 1958, was not made available until after the time when it 
was necessary to make the material sélection, 


It is clear that a material. will not be used to fabricate something if 
the designer is not aware of its existence. Even if he does know of a new 
nonmetallic inorganic refractory, he cannot consider its application until 
the basic electrical, thermal, and mechanical properties are well defined. 
This means that it will become increasingly important to characterize fully 
any materials that show potential for radome applications, Full characteriza-~ 
tion must necessarily include a detailed evaluation of all properties as a 
function of temperature. In addition to the basic physical properties, it 
appears likely that a number of specialized tests will have to be devised and 
standardized so that all facilities perform these evaluations in the same 
manner, As the technique for dielectric determination at elevated tempera- | 
tures has become more common, the industry has seen a marked improvement in 
the agreement between laboratories, The radome industry is already benefit- 
ting from the last five years! effort in this area, but further work is needed 
to better define the mechanical properties. 


Undoubtedly, a standardized method of evaluating thermal shock will be 
established during the next few years, This will provide both the missile 
manufacturer and the materials industry with a means of determining improve- 
ments in materials as well as the relative merits of each class, This will 
prove to be of benefit whether it actually duplicates the condition of ~ 
flight, or merely provides a comparison standard, for, at the present time, 
no two agencies determine thermal shock in exactly the same manner. 


At the present time, Hughes Aircraft Company is in the process of 
initiating a program to study the thermal shock of radomes of several de- 
signs, sizes, and materials, These tests will be conducted at a number of 
incident thermal flux levels up to and including failure, This program is 
designed to establish the thermal shock characteristics in order that a 
standard test procedure may be written, 


ASTM Committee C-25 is attempting to establish’ a procedure for the 
evaluation of the thermal shock characteristics of nonmetallic inorganic 
refractory materials, 


! 


An effort must be made to consider more programs of the type conducted 
by the Armour Research Foundation in 1959, 1960, and 1961. This program, 
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"Research and Development Services Leading to the Control of Electrical 
Properties of Materials for High Temperature Radomes," is reported in WADC 
T 59-300; Parts I, II and III. During this program a number of very pure 
aluminum oxide bodies were prepared and the electrical characteristics 
evaluated, The program proceeded, then, to add controlled amounts of in- 
purities to the aluminum oxide, Such materials as SrTiO, , SrTi03-BaTi03, 
and CaTi03 were added in various amounts up to about 20% The dielectric 
characteristics were then evaluated to determine the modifying effects of 
the additives, These dielectric determinations. were conducted as a function 
of temperature, Figure 1. presents a set of graphical data showing the 
change in the dielectric behavior caused by various additions of SrTi03, 

The loss tangent of the samples that were prepared was somewhat higher than 
the loss tangent of a very pure aluminum oxide body, Time, however, did not 
allow this property to be fully evaluated, 


This type of basic materials research program is one that should be 
pursued during the coming years. The overall properties of several 99% 
aluminum oxide bodies have been improved during the last five years as a 
result of a small addition of Cr203. The addition of this impurity allowed 
the manufacturer to make a 99.5% body of aluminum oxide, The current work 
on fused silica has also studied the addition of small amounts of impurity, 
and it has been possible to realize improvement in the emittance properties 
of this body through small additions of Cr203 and Ti09. Certainly, this same 
type of detailed experiment can be conducted with such materials as Spinel, 
beryllium oxide, not to mention further work on aluminum oxide. Unfortunately, 
there is so little of°this type of information available that it is diffi- 
cult indeed to suggest a logical approach at this time. It is important that 
any programs attempting to alter the basic properties of materials. characterize 
the resulting materials as completely as possible and insure that such informa- 
tion is disseminated, 


Examination of the data in this report shows that there are several 
materials, boron nitride, magnesium oxide, spinel and beryllium oxide, that 
shcw promise as radome materials for use at temperatures well in excess of 
3000°F, The materials industry must sponsor active research efforts with 
these materials directed first toward defining all of the properties as they 
are now, and then selecting the direction that would seem to improve these 
properties, The fact that all of these materials were suggested for radome 
application over five years.ago has not resulted in any effort to establish 
from them the production methods that will allow the fabrication of elevated 
temperature radomes. In fact, industry has not even bothered to find out 
their true worth, : 


The future development of the nonmetallic inorganic refractory materials 
for radome use will best be accomplished through the application of two 
main objectivess (1) complete characterization of all materials throughout 
a broad temperature range and (2) investigation of the control of the elec- 
trical and mechanical properties of the existing materials by modification of 
composition, 
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3. MATERIALS INDEX AND PROPERTY INDICATOR 


The materials index and property indicator gives a quick reference to 
the materials, the manufacturer, the manufacturers code designation, and 
the properties for which data was found. Where ever a property was found, 
an X is placed in the appropriate square in Table 2. 


In addition to this table, the materials property data Locator-Chart 
in the Appendix is broken down into three sections; electrical data, thermal 
data,and mechanical data. Each of these sections is preceded by a property 
indicator for the individual materials listed in that section. References 
are given in this listing. The letter M in the reference column indicates 
that the data listed was generated by Melpar under contract to independent 
companies and is released with their permission, 
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hk» LOCATOR CHART AND PRESENTATION OF DATA 


For the convenience of the user the materials property data in the 
appendix has been broken down into two sections -- Section A; the graphical 
presentation of data in the form of curves, and Section B, the tabular data 
used to plot the curves. The tabular data has been obtained, in the most 
part, from graphical presentations in the reports reviewed for this contract 
and should be regarded as such. 


hel Use of the Locator Chart 


In the Locator Chart which precedes Section A in the appendix, the 
materials are listed alphabetically by trade designationand percent of main 
constituent. The graphical material is found in Section A of the Appendix. 
The tabular data is located in Section B of the Appendix. 


he2 Presentation of Material by Maximum Available Temperature 


To provide the user with a quick reference to the maximum temperature 
for which typical data is presented in this report, a maximum available 
temperature chart has been prepared. Since the bulk of this report is con- 
cerned with electrical properties, the dielectric constant, loss tangent, 
and volume resistivity have been presented in more detail. Representative 
high and low values are given for three temperatures--ambient, 500°C, and 
the maximum available temperature. Only maximum temperatures for which 
thermal and mechanical properties data were found are listed, because the 
absolute useable temperature of a material can only be defined with a 
knowledge of the duration with which a material is subjected to a given 
temperature. This material is presented in figure 2, 


he2el Criterion for Selection of Data 


Materials property data was selected on the basis of reliability, 
material identification, and test method definition. 


Dielectric data for only microwave frequencies were included because 
of the nature and the end application of the materials. 


In some instances, where well-known investigators such as Lee and 
Kingery were referenced, material data was included without an exact 
knowledge of the test method because of their outstanding reputation in 
the field. 
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cS. ELECTROMAGNETIC CONSIDERATIONS 
S.1 General Considerations 


The purpose of this section of the report is to present some of the 
basic concepts and definitions of radome engineering in a simplified form, 


The word "radome" is an acronym forradar dome. The function of the 
radome is quite analogous to that of the windshield. Its purpose is to 
protect the enclosed radar antenna, the eye of theradar system, from a 
hostile environment, and at the same time it must not degrade the perform- 
ance of the system beyond some acceptable level. 


The radar signal is electromagnetic energy which propagates in the 
form of an electromagnetic wave. Electromagnetic waves are made up of 
electric and magnetic fields which vary periodically with time. The con- 
figuration of these fields is established by the physical laws expressed 
in Maxwell's equations and by the material boundaries of the space they 
occupy. The character of radar signals is so nearly optical that we may 
use rays to describe their behavior. 


System degradation by the radome comes about through reflection, 
attenuation, and refraction as the energy impinges on and passes through 
the radome. This is shown pictorially in figures 3 and h. We see in 
figures ], how some of the rays are reflected and bounced around inside the 
radome, how others are weakened or attenuated through absorption by lossy 
elements in the radome and terminate there, and how still others are 
refracted and to not leave the radome parallel to their original direction. 
All of these rays «- the reflected, the absorbed, and refracted -- do not 
reach the target and are therefore wasted. This wasted power reduces the 
range of the radar. 


The thermodynamic requirements of missile and space vehicle missions 
are also quite severe. For these reasons a compromise must often be made 
in the design of airborne radomes between the electromagnetic requirements 
and the aerodynamic requirements. 


Although ground-based and ship-based radomes must often withstand 
high winds, icing, and certain temperature extremes as a result of their 
use in different parts of the world, it is usually possible to give greatest 
attention to the electromagnetic requirements of the design. The ground- 
based radome will generally be spherical in shape and will be enough larger 
than the enclosed antenna so that the energy is normally incident upon the 
radome . 


Aerodynamic shapes usually have conic cross sections such as ellipses, 
or parabolas. Airborne radomes are aerodynamic shapes modified so that 
they mate smoothly with adjoining parts of the vehicle. Ogives are also 
commonly used in radome design. 
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“Figure 3. Scattering, Absorbtion, and Refraction of Radar Signal 
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Figure-|. Scattering, Absorbtion, and Refraction of Returned Radar 
Signal 
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Small radome size along with a requirement for large scan angles cause:: 
the incident energy to enter the radome at high angles of incidence,which 
complicates the electromagnetic design problem. 


Radome wall design falls into two classes. Both classes have names 
which are descriptive of the distinctive feature of the design. Solid-wall 
designs consist of a single layer of dielectric material, while sandwich~ 
wall designs are usually three layers of material, although multiple sand= 
wiches are used for applications where a large number of frequencies is used 
with one radome. Solid-wall radomes have two common subclasses. 


Thin-wall radomes are those solid-wall radomes which are less than 
a tenth of a wavelength thick in the direction in which the energy propagates 
through them. Thin-wall radomes are useful over a broad band of frequencies 
but, practically, are limited to frequencies below 3000 negacycles by their 
physical thickness. 

Half-wave-wall radomes are those solid-wall radomes which are a half- 
wavelength thick in the direction which the energy travels through them. 
_ Half-wave walls have many desirable electromagnetic characteristics including 
good performance at incidence angles as high as 80 degrees and performance 
which is relatively independent of polarization of the electromagnetic field. 
They also have adequate thickness for meeting structural requirements at most 
frequencies. Their major disadvantages are a result of their weight and the 
tight tolerances which must be maintained on both the dielectric constant and 
thickness. The fact that they are only useful over a narrow frequency band 
is also a disadvantage. 


Sandwich radomes have subclasses also. The "A sandwich" is a three~ 
layer sandwich wall construction in which the dielectric constant of the 
outer layers or skins is greater than that of the inner layer. The "B 
sandwich" is a three-layer radome wall in which the dielectric constant of 
the center is greater than that of the outer layers. With this arrangement, 
it is necessary that the dielectric constant of the skins be equivalent to 
the square root of the dielectric constant of the core material, This 
design calls for skins that are a quarter-wavelength thick. Although this 
arrangement has some advantages, its disadvantages, such as difficulty of 
fabrication and lack of weight-saving when compared to the solid-wall designs, 
have kept its usage from becoming popular. 


Another sandwich design is the "C sandwich", The C sandwich is a five- 
layer design with high-dielectric-constant materials used for the skins. 
Low-dielectric-constant materials are alternated with high-dielectric- 
constant materials to make the sandwich. The © sandwich is commonly designed 
as a double A sandwich. It has the advantage over the single A sandwich in 
that it maintains its desirable electromagnetic properties with higher angles 
of incidence, While the A sandwich can be used to incidence angles in the 
neighborhood of 80 degrees, the C sandwich can be used to 80 degrees. 
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The high strength=-to-weight ratio which can be achieved with sandwich 
designs, together with their competitive electromagnetic properties, 
account for their popularity. 


In passing, it should be noted that sandwich designs with as many as 
thirteen layers have been used on operational radomes. 


The goal of the radome designer is to provide maximum transmission, 
minimum reflection, and constant electrical thickness over the required 
range of angles of incidence, frequency, and polarization variations. In 
this manner the undesired effects of the radome are minimized. 


The following are design techniques which are used in an effort to 
attain the radome designer's goals. They arebesed on the properties of 
the reflection and transmission coefficients as a function of electrical 
thickness. For a design to be satisfactory, the parameters of the radome- 
wall material should ideally remain fixed as the environment changes. That 
is to say, as examples, that the dielectric constant and loss tangent should 
not vary radically with temperature or with frequency if the radome is to be 
used in systems which call for large variations of those parameters. 


5el.l Single-Wall Design 


The simplest radome design is made of a single, homogeneous sheet of 
dielectric material. The maximum transmission efficiency for a lossless 
material occurs when the wall is an integral multiple of a half-wavelength 
thick. Minimum transmission efficiency occurs when the radome wall is an 
odd integral multiple of a quarter-wavelength thick. If the loss tangent 
is small, maximum transmission is obtained at about the same, although 
slightly reduced, thickness as for the lossless case; but the maximum 
transmission coefficient will be less than unity. 


Thin Walls -- Electrical: Thin-wall designs have several desirable 
properties. They provide high transmission even when relatively lossy 
material is used. They are broadband designs in the sense that they may 
be used at all frequencies below the frequency at which they become a 
tenth of a wavelength thick. They exhibit small refraction and insertion 
phase shift, and the insertion phase shift is relatively insensitive to 
changing polarization and angle of incidence. 


Thin Walls -- Mechanical: From the mechanical viewpoint, thin-wall 
designs have the advantages that they are light in weight, and the toler- 
ances which must be maintained on the dielectric constant and thickness 
are not generallycritical. The possibility of using a thin-wall design 
depends upon whether or not the thickness is mechanically satisfactory. 


Half-Wave Walls =-=- Electrical: When the electrical thickness of a 


homogeneous radome wall is an integral multiple of a half-wavelength thick, 
and the integral multiplier is n, the design is known as an n-th order 
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half-wave wall. At the design angle, i.e., at the angle of incidence at 
which the wall is n half-wavelengths thick, the magnitude of the trans- 
mission coefficient is unity for both the parallel and perpendicular 
polarization incidence, and the insertion phase is the same for both 
polarizations, The insertion phase is the net phase effect produced by 
the radome wall, that is; the phase change that would have occurred in 
passing through the space occupied by the wall, if the wall had been absent; 
is subtracted from the phase change that occurs with the wall present . For 
any given angle of incidence, insertion phase increases both as the relative 
dielectric constant of the wall material as the wall thickness is increased. 
Insertion phase generally increases as a function of increasing incidence 
angle except at the higher angles. 


Half-wave wall designs have several advantages. They have good phase 
delay and transmission characteristics. They perform well at high angles 
of incidence and can be designed for use where incidence angles as high as 
80 degrees are encountered. These designs perform well as a function of 
the polarization of the incident energy. One disadvantage is their narrow 
frequency bandwidth when the relative dielectric constant is in the neighbor- 
hood of or greater. 


For incidence angles near grazing, that is, large angles; the best 
design choice is to make the relative dielectric constant of the radome 
material quite small. Considering more nearly normal incidence energy; 
design curves show that contours of wall thickness versus angle of incidence 
for constant power reflection approach the zero reflection contours, and 
these latter become more flattened as the relative dielectric constant of 
the wall material is increased. This indicates that for higher values of 
relative dielectric constant, low reflection may be obtained over a wider 
range of high incidence angles, but that tighter tolerances must be main- 
tained, A dielectric constant of around 9 appears to be the best choice 
for minimizing insertion phase shift provided tight tolerances can be held 
during fabrication of the radome. Slight changes in dielectric constant or 
thickness may introduce tremendous electrical changes, and tolerances of 
the order of one-thousandths of an inch in thickness and one or two percent 
of the dielectric constant are necessary. Frequency bandwidth limitations 
of only a percent or so must also be imposed. 


The comments made in the preceding paragraphs are applicable to a 
first-order wall design. When a higher order sheet must be used; poorer 
radome performance must be expected. 


Data for the purposes of design is most usefully presented in graphical 
form. Plots of power transmission and reflection coefficients, and inser- 
tion phase delay as a function of dielectric constant, wall thickness, and 
angle of incidence are useful. 
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Lower values of dielectric constant with the accompanying lower 
tolerances are usually used in the design of normal incidence radomes. 
Variation of insertion phase is generally of interest in the design of 
streamlined radomes. This variation is not particularly sensitive to 
dielectric constant but is proportional to the wall thickness measured 
in wavelengths. Insertion phase variations are accentuated by quarter- 
wave walls and are minimized by half-wave wall designs. 


Half-Wave Walls -- Mechanical: The half-wave wall design has an 
advantage over a thin-wall design in that it can be made structurally ~ 
sound even when designed for systems employing the most used microwave 
frequencies, Half-wave designs have the disadvantage, especially when 
airborne applications are considered, of a relatively low strength-to- 
weight ratio. In addition, the fact that tight tolerances must be main- 
tained on both the dielectric constant and thickness during fabrication is 
a disadvantage. oh 


The structural tests to determine the strength and stiffness of half- 
wave designs are similar to those employed with the thin-wall designs. 


5ele2 Sandwich-Wall Designs 


Electrical: The sandwich-wall design was developed to obtain an 
improvement in strength-to-weight ratio over the solid half-wave wall. 
Sandwiches are used where a thin-wall design is not structurally adequate 
and where a half-wave wall is too heavy. One major difference between 
solid-wall and sandwich-wall construction is that, for incidence angles 
greater than 60 degrees, the A sandwich transmits parallel polarization 
poorly. Also, A-sandwich transmission is fairly sensitive to skin thick- 
ness. As the thickness of the skins is reduced, the range of core thickness 
and incidence angles over which good transmission can be obtained is increased. 


High values of the dielectric constant of the skin material are undesir- 
able. Relative dielectric constants in the range of are used. For the core 
the values of the relative dielectric constant are kept low. 


For the most ideal performance of the B-sandwich design, the dielectric 
constant of the skins is chosen as the square root of the dielectric constant 
of the core, and the skins are made a quarter-wave thick. The main advantage 
of this technique accrues from the fact that good transmission efficiency is 
obtained regardless of core thickness. 


Mechanical: As in the case of single-wall designs, strength and stiff- 
ness are the two principal mechanical requirements placed on the radome. 
For low density core sandwiches, the mechanical strength comes mostly from 
the skins. Shear in the core is an additional consideration in sandwich 
designs. The apparent flexural stiffness of a low-density, thin-skinned 
sandwich can vary over a wide range depending on the technique of fabrication. 
Edgewise compression and normal tension capabilities of the bond between the 
skin and the core must be accounted for. 
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5-2 Factors Peculiar to Radomes Fabricated from Nonmetallic Inorganic 
Refractory Material 


The use of .nonmetallic inorganic refractory materials for the manufac= 
ture of radomes has been brought about by the advent of big performance 
aircraft and missiles and the associated high operating temperatures. The 
design of such a radome is based on the same philosophy and follows the same 
procedure as the design of radomes made of other materials. These design 
philosophies and procedures were discussed in the preceding paragraphs. The 
ability of the ceramic radome to meet the structural and electrical require- 
ments of the various designs is thus the point to consider. For example, 
does the relative dielectric constant of ceramic materials fall in the range 
required by one of the designs, and does it behave well as a function of 
frequency and temperature? Are the structural properties of the ceramic 
material compatible with the design technique to which its electrical proper~ 
ties are suited? 


At the present time, nonmetallic inorganic refractory materials seem 
best suited for solid-wall designs such as the thin-wall and the half-wave- 
wall. For example, the half-wave-wali design requires higher dielectric 
constants than sandwich designs, and ceramics have relative dielectric 
constants in proper range. The higher dielectric constant designs imply 
tighter tolerances on the dielectric constant and dimensions during fabri- 


' cation, however. Because of these tolerances and because of their hardness, 


current ceramic radomes must be ground with diamond tools, both inside and 
outside, to meet design specifications. 


In addition to their hardness, ceramics are prone to fracture under 
impact. Their strength is also strongly affected by surface defects, but 
it may be significantly increased by hardening. Failure of a refractory 
oxide usually starts at a surface in tension. In spite of these drawbacks, 
it is highly probable that the electrical properties of the ceramic as a 
function of temperature will limit its use. 


At microwave frequencies and high temperatures, ion jump polarization 
relaxation and ge vibration absorption make major contributions to the 
dielectric losses. The, pertinent characteristics of the relaxation processes 
involved are described-~ in part by their relaxation time which is propor= 
tional to 


W 
vm (1) 
: | 


In Eq. (1), Wis the work required to lift an ion over the potential barrier. 
The quantity K is Boltzmann's constant, and T is the absolute temperature. 
Processes which have a relaxation time approximately equal to the reciprocal 
of the radian frequency energy contribute to the losses. .Processes with 
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lower relaxation time contribute to the dielectric constant, In a ceramic 
dielectric, therefore, the crystalline phase usually governs the dielectric 
constant while the glass phase is mainly responsible for the losses, 


as a result of the relationships of the dielectric constant and loss 
tangent to the relaxation times, the loss tangent may increase or decrease 
with increasing frequency, but dielectric constants always decrease, In 
practice, unfortunately, loss tangents usually increase above 10 megacycles, 
In general, materials that show the lowest losses also show the least vari- 
ation of dielectric constant with frequency, This fact is due to the distri- 
bution of relaxation times associated with low losses, For a more detailed 
discussion of the factors contributing to the loss mechanism, the reader is 
referred to Chapter V of the current revision of WADC TR 57-67, 


More important in radome work is the degree to which the dielectric 

' constant varies with temperature, From Eq, (1) it can be seen that, as the 
temperature rises, the relaxation time of a process decreases, Thus, as 
temperature is increased, a given process will contribute to the losses at 
a higher frequency, Alternatively, as the temperature is raised,. a given 
process ceases to contribute to the losses and contributes to the dielectric 
constant, Therefore, if the material is low-loss over a many decade vari- 
ation of frequency, it will have a relatively constant value of the die- 
lectric constant over a wide temperature range, For best temperature 
stability, materials should be those which have low losses over a wide 
range of frequencies below the desired operating frequency, In practice, 
the use of microwave frequencies has some advantage from the standpoint of 
temperature stability of materials, It should be recalled that radomes 
used at the higher frequencies are more sensitive to variations of the 
electrical parameters, 


Based on existing materials, analysis shows that high-performance bore- 
Sight radomes made of nonmetallic inorganic refractory materials can be 
designed to have good performance characteristics at C. and X-band fre- 
quencies when thin-wall designs are used, Thin-wall K-band designs, how- 
ever, do not seem structurally feasible, Study of half-wave wall designs 
for K-band shows them to be useful over a limited range of frequency and 
temperature, 


5.3 Factors Peculiar to Composite Radome Structures 
5.301 Foams 


Foam materials incorporate air into a normally more dense base material, 
They are thus light in weight and tend toward lower dielectric constants, 
Because of these properties, they are used as the core material in sandwich 
designs, Non-metallic inorganic refractory foams have not been used pre- 
viously because of the difficulties in providing suitable skins, It appears, 
however, that this has now been accomplished, 
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Loaded foams, in which very small particles: of high dielectric constant 
or metal are included (to increase their dielectric constant to that of the 
skins without significant increase in weight) can also be employed in sand- 
wich designs to simulate half-wave-wall designs, 


5.3.2 Honeycombs 


Honeycombs are used in place of foams as lightweight core material 
because they are structurally stronger, They also have some advantage in 
being more simple to fabricate, Some difficulty has been experienced in 
obtaining uniformity of the core during fabrication due to inability to 
control flow of the adhesive used to attach skin to core, 


5.3.3 Other 


Other radome materials include plastic materials such as the various 
resins, The different resins have various dielectric constants and loss 
tangents and are useful to temperatures in the range of 1200°F degrees, 

All the plastic resins have relatively high temperature coefficients of 
expansion when compared with nonmetallic inorganic refractory materials, 
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6. STRUCTURAL CONSIDERATIONS FOR RADOMES FABRICATED FROM NONMETALLIC INOR- 
GANIC REFRACTORY MATERIALS 


The environments placed upon current missile radomes are a direct conse= 
quence of the flight trajectory, and the specific aerodynamic characteristics 
of the particular system, Currently, the missile manufacturers have expressed 
the most concern over two factors; thermal shock, and rain erosicn.. 


6,1 Rain Erosion 


The problem of rain erosion becomes a serious limiting factor for all 
types of materials, including the normetallic inorganic refractories, 
During recent years, the Air Force and Navy have shared cooperative efforts 
to evaluate the rain erosion resistance of nonmetallic inorganic refractory 
materials, experimentally. These tests have been conducted at the NOTS China 
Lake, California, sled test facility. This factor is mentioned, for it should 
be given thorough consideration in any effort associated with radome design 
and development, The detailed results of the most recent tests will be pre-= 
sented in the supplement to the WADC-TR-57-67, “Techniques for Airborne 
Radome Design," currently being completed by the McGraw Hill Publishing 
Company, Rather than attempt to discuss the problem at length in this report, 
attention is invited to the need of awareness to this problem area, with the 
pending publication as a reference for this information, 


6.2 Thermal Shock 


Melpar feels that the problem of thermal shock is one that warrants a 
cursory analysis, Review of the literature reveals numerous articles de- 
voted to this topic. Usually literature discussions center around either 
a very general case, or the solutions to a computer program designed to ~ 
predict all of the stresses and temperature gradients that occur within a 
radome as a consequence of flight trajectory. The purpose of this section, 
then, is to acquaint the reader with a general outline of the procedures 
used in the structural design of nonmetallic inorganic refractory radomes for 
high-speed flight vehicles. It is divided into four parts; 


a, The Environment, The various properties of the atmosphere that 
directly influence the vehicle environment are briefly discussed. Then, the 
trajectories or mission profiles of the vehicles are considered, Finally, 
an outline is made of how the applied loads and heating rates are found from 
the interaction of the trajectories with atmospheric properties. 


b, Structural Analysis, The most important aspect of high-speed 
flight is the temperature problem imposed by aerodynamic heating. Methods 
are outlined for determining the temperature distribution through the radome 
and the prediction of stresses caused by the temperature gradients, Finally, 
a brief discussion is given of the stresses introduced by the radome attach- 


ment, 
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Co ical Example. A typical example of a missile radome is con- 
sidered. A-mission profile is selected and the temperature response and 
thermal stresses are computed for some typical nonmetallic inorganic 
refractory materials. 


d. Nonmetallic Inorganic Refractory Material Problems. Some con- 
sideration 1s given to the particular properties which must be carefully 
considered in the design of ceramic radomes. Thermal shock and thermal 


shock protection as well as the attachment of the radome to the vehicle 
are discussed. 


6.2.1 The Rvironment | 
Atmospheric Properties: The properties of the atmosphere that are 

of interest in the structural design of ceramic radomes for high-speed 
flight vehicles are: 

a. Atmospheric temperature profile 

b. Atmospheric pressure profile 

c. Atmospheric density profile 

ad. Specific heats of atmosphere 

e. Viscosity of atmosphere 


f. Thermal conductivity of atmosphere 


These properties have been studied extensively and there is a large 
volume of associated technical literature (for example, refs. 1-)7). 
The purpose of this section is not to consider these properties in great 
detail but to summarize the engineering relationships required. 


Up to about 250,000 feet, the atmosphere is relatively uniform and 
can be considered as a perfect gas so that its physical properties can 
be derived from the perfect gas laws and the classical hydrostatic equa- 
tions once the variation of the temperature with altitude is known. 

Above 250,000 feet, the composition of the atmosphere varies with height, 
and the gas dissociates into atomic particles. 


The properties of the "standard atmosphere", i.e., temperature, 


pressure, density and viscosity, are given in tables throughout the 
literature (for example, ref. ))1). 
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6.2.2 Gas Properties 


Because of the high temperatures generated by high-speed flight in 
the atmosphere, it is necessary to know how it behaves with temperature. 


ae Specific Heats 
The specific heat at constant pressure, Cp, is defined 


aq 
at p = constant 


Cp = 
where dQ = d(pv) = vdp + CvdaT 








p = pressure 


v = volume 
T = temperature 
Cv = specific heat at constant volume 


For a perfect gas pv=RT and the internal energy of the gas is E = 
1/2 NRT = CvT where N is the number of degrees of freedom and R is the 
perfect gas constant. Thus y 

Z N 
Cp Ro xtl 

For a diatomic gas N = 5 and Cp/Cv = y= 1.4, which is the value 
commonly accepted for air. Below 3,000°F the specific heat of air is 
not highly dependent upon temperature. However, above this temperature 
where dissociation takes place there is a pronounced dependence of 
specifie heat on pressure. Values of specific heats have been computed 
for temperatures up to 0,000 °F in reference h2. 


De Viscosity 


The viscosity, », of a gas varies with temperature. For pressures 
down to 0.01 atmospheres, Sutherland’s equation can be used, which for air 
is (ref. 6) 


3/2 Z 
p= O25 eae x 107! are aa (1) 


where T is given in degrees Rankine. Below 0,01 atmosphere, viscosity 
decreases with decreasing pressure and approaches a linear relationship 
with pressure to 0,001 atmosphere. This relationship is discussed in 
reference 43. Below 0,001 atmosphere, particle dynamics must be considered 
(reference |,)). 
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ce Thermal Conductivity 


The thermal conductivity of a gas can be related to the viscosity 
(ref. 47) by 


Ky ue (9 y-5) 
where N is the number of degrees of freedom of the molecules. 
R is the universal gas constant, 
y is the ratio of specific heats. 


For air this turns out to be 


3/2 
2 -) T Btu _- Ft 2 
k = 9,22 x 10 See Gone.) (2) 


6.2.3 Trajectories and Flight Loads 


The trajectories or mission profiles of high speed flight vehicles 
are established by solving the equations of motion of the vehicles. For 
example, in the case of a ground-to-air defense missile, the missile will 
be directed to achieve an intercept course with the attacking system. The 
forces acting on the missile are the thrust of the propulsion system, 
aerodynamic lift, aerodynamic drag and acceleration loads, Thus, knowing 
the initial position of the missile, its aerodynamic properties, and the 
thrust of its engine as well as the flight path of the attacking vehicle, 
a time-history of the position of the missile in space may be computed. 

In the process of this computation, all of the aerodynamic and acceleration 
loads on the radome as well as the heating rates at any instant of time 
ean be computed. 


The inverse of this problem may also be solved; i.e., given the time- 
history of the missile in space, the aerodynamic and acceleration loads 
as well as the heating rates can be computed if the aerodynamic properties 
of the missile are known, 


ae Aerodynamic Loads: Probably the most useful aerodynamic tool 
for the evaluation of the aerodynamic forces on the nose radome of high- 
speed vehicles is Newtonian flow theory (refs. 6, )8, 49). Basically, 
the Newtonian concept is that the change in the normal component of 
momentum as a moving stream impinges upon a body is converted into an 
increment of pressure. Thus, the pressure coefficient on the surface of 
a body is 


Cp =k cos” 7 (3) 
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where 7) is the angle between the stream and the normal to the surface and 
K is dependent upon the type of body and fluid characteristics and for 
blunted bodies is given (ref. 8) by 





= te = +3 ee 1 
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where Cp ' is the stagnation point pressure coefficient 


stag 
y is ratio of specific heats 


M, is the free stream Mach No. 


For pointed bodies, a slightly higher value appears to be more 
appropriate and the Newtonian value of 2-has been suggested (ref. 8). 
Reference 8 contains many charts that are useful for determining the 
total forces as well as load distributions on arbitrary bodies of 
revolution. 


b. Aerodynamic Heating: The aerodynamic heating problem in the high- 
speed flight regime has been studied extensively over the past fifteen 
years and a veritable flood of reports, books, and articles have appeared. 
It is not the intent here to make a thorough survey but rather to indicate 
briefly some of the basic relationships that have been found to give \ 
reasonably reliable estimates of aerodynamic heating rates. 


Basically, the heating input, q, to the surface of a high-speed flight 
vehicle can be expressed as 


q=h (T. - T,) - € oO 1 | (5) 
Convective aero-= radiant heat loss 
dynamic heating from the surface 
and 
T =|1+ (P es yoti Meo é | Too (6) 
r r 2 
where h = the film coefficient which will be discussed below, 


T, = the temperature of the wall or surface. 
€ = surface emissivity. 
o = Stephan-Boltgman constant. 
y = ratio of specific heats. 

Me = free stream Mach Number. 


Te = free stream or ambient temperature. 
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The Prandtl number, ae) is defined as 

Po ee (7) 
where Cp is the specific heat at constant pressure, y, is the viscosity, 
and K the thermal conductivity. For laminar flow, the exponent n is 1/2 
while for turbulent flow the exponent is 1/3. The type of flow is strongly 
dependent on the local Reynolds number, Ro» defined as 


R= arene (8) 


where P is the local density 
u is the local velocity 


x if the coordinate along the surface of the structure (measured 
from the stagnation point) 


The transitional Reynolds number between laminar and turbulent flow is 
on the order of 10° for a flat plate and 2x 10° for a cone. 


It has been shown (ref. 29,50) that if he is the heat transfer 


coefficient at the stagnation point, then tie heat transfer coefficient 
at any other location can be expressed as h = C) he ° 


It has been shown (ref. 51) that for laminar flow, the heat transfer 


coefficient, h, is 
al? 
(sa 


where the subscript » designates free stream or ambient conditions, and 
the subscript 55 designates local stagnation conditions. The function, — 
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O. 0.763 = 


hes P_ 0.6 * 
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B, is determined from Newtonian theory as (ref. 51) 
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(10) 
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where D is the diameter of the spherical nose. The function, f (5) is 
taken from reference and is given approximately by (ref. 50) 
£ (F) = 0.765 + 0.235 cos 2.6 (5) (11) 


Equation 49 holds until the asymtotic value of h for a flat plate or cone 
is reached. This is given by (ref. 51) 


_ 0,323 
ml eye, | tae Gp 
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for laminar flow and by (ref. 51) 
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for turbulent flow. The values for flat plates can be used for cones by 
multiplying by the factor 3 . 


For turbulent flow over the spherical portion of the radome 
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The ratios —— , 7a 5 and B are evaluated by computing the pressure 


ratio from Newtonian theory and isentropic expansion from the stagnation 
point. 


We note that the ambient properties of the flow are determined by 
specifying the altitude of the vehicle and the atmospheric properties. 
Thus, if the altitude and velocity, Ue of the vehicle areknown or speci- 
fied as a function of time, and the geometry of the radome is known, the 
aerodynamic forces and heat transfer coefficients can be computed as a 
function of time anywhere on the surface, 
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6.3 Structural Analysis 


The most important stresses in the radomes of high-speed flight 
vehicles are due to the thermal gradients within the structure, There-= 
fore, most of the emphasis in this section will be placed on the thermal 
stress probleme 


The first step in a thermal stress analysis is to determine the 
temperature distribution in the radome as a function of time. For nearly 
all practical cases of radome heating, the heat transfer coefficient, h, 
and recovery temperature, qT will not be a simple function of time. 


Therefore, a numerical solution of the heat flow and temperature distri- 
bution in the radome will be required. 


Again there has been a large volume of reports and papers on the 
formulation and solution of heat flow problems (for example, refs. 52-55). 
Two methods which have been found to be quite useful will be considered 
herein. The first of these is known as Dusinberre's method (ref. 53) 
which essentially consists of dividing the wall into a finite number of 
slabs or layers and finding the time variation of the heat balance in 
each one. The second is known as Hill's method (ref. 52) and involves 
the super position of a series of triangular heat pulses which are combined 
to represent the heat input to the radom, 


Figure 5 is a typical radome shell and describes the coordinate system 
used as well as the subdivision of the wall into several layers. The outer 
surface of the radome has a known time-history of heat input while the inner 
surface is assumed to be insulated. Applying Dusinberre's method to the 


‘outer surface, there is obtained at time md 


Tm” Faw,2 "eyed * Lahm Fea "ema “°° 7, 'n (1h) 
where Pern 2 ‘ (15) 
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The subscripts used are defined as follows: 


T 
n,m 


| a interval 


Distance interval 
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Figure 5 .« 





ENLARGEMENT A 


Typical Ceramic Radome Geometry 
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and Ab = —— 


P is some value such that 


hdb 
> nee 
P > 2+2 2 


The value of P dictates the time interval used in the step~by-step 
solution as given by 


2 
6 = cp ( 4b)” 
k P 
and ec is the specific heat of the wall material. 
p is the density of the wall material. 
k is the thermal conductivity of the wall material. 


The inner surface temperature is given by 


Ty om? Feng Teeter * "4,4 To ym-2 
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Finally, the intermediate wall temperatures are given by 


Tm a 1/2 ee me-L . aa? 


(18) 


(19) 


(20), 


(21) 


The practical use of these equations requires the use of a digital 


computer. 


The outer surface temperature at time m5 from Hill's method is 


_ (HT,) _ + (AT, - AD, 7 Tp ml - MT, m2 ttt MT 
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(22) 
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] 
where H = pt. (23) 
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G = oe(2b) — (25) 


where M, are memory coefficients which are tabulated in reference 52 as 
R 5 


a function of ————_-. The inner surface temperature is piven by 
po(26)* 
Taam Tam 7 9 Tym * Sots “ht ove + Om Dy) (26) 


and the values of 05 are also tabulated in ref. 52. Intermediate tempera- 


tures through the wall can also be obtained but the amount of computation 
required is very large and it is therefore not convenient. However, in 
order to obtain the thermal stresses, it is necessary to know the distri-~ 
bution of the temperatures in the wall. Assume that the temperature at any 
point in the wall can be expressed as 


e : ee 
oe Det (hes | 5 (27) 
The average temperature in the wall, Dates is given by 
7 b 
Tove = 2b: / py, 
-b 


Integrating, there is obtained 


Tt - T. 


- = Ti + 
ave 


But, the average temperature in the wall can also be obtained from the 
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heat input. Thus, at any time t = m6 
mo 
T = d h(T_- T) at 
ave 26pe r 1 
o 


Therefore, the value of j at any time interval can be estimated quite 
readily from 


Ts My 
j= ——— -1 (28) 
1 fa, =D at - 3, 
Bdep é ; 


After the temperature distribution has been obtained, the next step 
is to compute the thermal stresses. This is done by approximating the 
shell by a series of cylindrical shells. From reference 56 the equations 
for the stresses in a cylindrical shell with an inner radius of r-b and 
an outer radius of r+b can be express as 








ie re + r,@ ce a ET mace L ~ aE rdr- ak 
S9 " “Or o- rie 1-v e 2 1-v 1-v 
r("o i=.) r 
re 29 
i t, ( 
o, 7 2] f va ET nano ET (30) 
Pa oy l-v l-v 
Ti 


When the thickness of the shell is small in comparison to the radius 


(+ >> 1) then these equations reduce to the flat plate (ref. 56) 


b ‘b 
ak 1 
Oo, =o, = T- = tdy - 3 a y ray] (31) 
6 Se Inv | 2b y 2b> ie 


In addition to the stresses from the thermal gradient through the wall, 
there will be stresses that result in the attachment of the radome to 
the vehicle structure. This is illustrated schematically in figure 6, 
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In the vicinity of the attachment, the recovery temperature, T? will be 


the same for both the radome and the structure to which it is attached. 
However, in general, the temperatures of the two structures will not be 
the same nor will the resultant thermal expansion. This is because the 
thermal diffusivities and thermal expansion coefficients are different. 
This condition is shown in figure 7. When the two sections are joined, 
the two deformations must be made compatible, which implies additional 
stresses. The design will generally be carried out so that the mismatch 
in the slope does not introduce additional stresses (i.e., a pin-jointed 
boundary condition). Assuming that the radome and the vehicle structure 
started out at the same temperature, then 


Ar = 6 -6, = (a. T -a, TL ) (32) 
ave ave 


The radial displacement from a uniformly distributed radial edge load, Vo, 
applied to a cylindrical shell is (ref. 56) 


eee te (33) 


2D ‘; 

where BD = 2b — 
3(1-v") 

a 4/3 (lov) 

iT rar b* 


Vv = Poisson's ratio 


Thus, the edge load required to match the radome to the vehicle shell is 





Vozre2ear a (34) 
1 
(— +—) 
Driar Dm. A} m 


The bending moment in the radome is then given as (ref. 56) 
-A 
Vo e * 2 sinkr z . (35) 
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RADOME STRUCTURE. 


Figure 6,. Junction of Radome with Missile 
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Figure 7,. Thermal Deflection at Radome Joint 


6h, 


6.4 Illustrative Example 


For an illustrative example, a small air-to-air missile will be 
considered. It is assumed that the missile is released from an aircraft 
operating at 30,000 ft. with a flight Mach No. of 1.2. The missile is 
launched at an angle of 30 degrees from the horizon. The missile para- 
meters are assumed as follows: 


Launch weight, Wh = 510 lbs 

Thrust, T = 3600 lbs 

Burning time, ty = 20 sec. 
= 360 lbs 


Propellant weight, Ms 
Average drag coefficient, C, = 0.3 


Reference cross-sectional 


area, S 0.90 sq. ft. 


These parameters along with atmospheric data discussed above can be used 
to provide the input for the equation of motion along the flight path, 
1.e. 3 


GS au 
D 2 I sgn seek. ae? 6 Sage ote © 
To—+—p UA ee oe (Ww, Nf, a, Can 


where e. is the density, which is a function of altitude, and g is the 
acceleration of gravity. This equation was solved numerically and the 
resulting trajectory is shown in figure 8 as plots of Mach No. and 
altitude versus time. It should be noted that this trajectory calcula- 
tion is simplified in that an average drag coefficient is assumed rather 
than allowing it to vary with Mach No. Although a more exact calculation 
would normally be used in a final design, this example illustrates the 
general procedure. 


The radome was assumed to have a nose radius of 1.5 inches, a base 
diameter of 12 inches and a fineness ratio of 1.5. Using the trajectory 
plots of figure 8 and equations (6) and (9), the recovery temperature, 
T.? and the stagnation heat transfer coefficient, h_, were computed as a 
function of time as shown in figure 9. For a final design, the heat 
transfer coefficient would be computed at several locations along the 
radome. 
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(SEC) 


The next step in the design process is the determination of the 
temperature distribution and temperature stresses in the radome. For this 
illustration, an X-band alumina radome was selected having a wall thickness 
of 2b = 0.18 inch. The inner and outer surface temperatures were computed 
as a function of time using equations (22) and (26) along with the tables 
in reference 52. The following parameters were used for this calculation: 


Btu - Ft 


2 


10.7 5 
co, ae oe 


Thermal conductivity, k 


0 


0.16 Btu/lb °F 


Specific heat, C 


Density, p 20 lbs/ft? 


0.015 ft. 


Wall thickness, 2b 


A plot of the inner surface and outer surface temperatures is given in 
figure 10. The largest temperature difference, T = 186°F, occurs at 

t = 18 seconds and therefore causes the maximum tensile stress. As 
described above, the average temperature in the wall is found by dividing 
the total heat input by heat capacity. The total heat into the structure 
can also be computed conveniently by Hill's method. The average heat 
input during any interval is given by (ref. 52) 


8G 
[a My Ui 
2. (UT + MT ae ey otk i 1, ) 





where the symbols are the same as for equation (22). The total heat into 
he structure at 18 seconds was found to be 482 Btu per ft‘. Thus, the 
average temperature at 18 seconds is 


2 82 _ o 
= THOS) Oras) * 838 F 


The exponent j is found from equation (28) 


ae 
be 

ave a 

_ 965 - 778 


oa ge 
so that the temperature distribution is 


2 
—_ ; + 0,09 
T = 778 + 186 ta 
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Figure 10. Temperature Rise of Radome versus Time 
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Substituting this into equation (31) and integrating gives for the maximum 
tensile stress at y=-o 


Be (i, 7 te 


9g = oy = 0.375 as 
and with 
E = 50x 10° psi 
a = e3x 1076 
v = 0,25 
the stress becomes 
Ty oo, 5 0-375 (50) (i.3) (186) er (4.3) (186). 20,000 psi 


which is within the strength capability of the alumina material (i.e., 
o allowable - 29,2),0 psi). 


The attachment of the radome to the missile frame will now be examined. 
“Equation (32) gives the difference in thermal displacement between the radome 
and the missile structure. Assume that the heat input in the area of the 
attachment is 80 percent of that at the stagnation at t = 18 seconds. Thus, 


Q = 482 (0.80) = 385 Btu/ft?. If the same amount of heat is assumed to go 
into both the missile and the radome structure, equation (32) can be rewritten 
as 





Ar=ar 385 af or = r om 
” (0.015) (2h0) (0.16) oe Cpe p. 
roa (0.015) (240) (0.1 ar C. b, o. 
and with t= 6 in. and a= e3xL07° 
. am - h 
= 0.0172 1 - Cn th x 6.7x10 | 
m ®m ~m 


If the missile structure were made from 0.10 inch thick high-temperature 
steel, then 


am 2 1ox1076 
C bop. (O.10) (496) (0. OOf15) 


= 2x07? 
mom “m 


70 


45 0.0172 (1 - 3.96) = 0,051 inch 


Equation (3h) gives the distributed radial shear load, Thus, with 


_ 2H bY 2(50) (10°) (0,09)3 


= - = 25900 
3(2- we) 


2k. bi? 
3(1- v,*) 


= 2(23) (10°) (0,05)3- . 200 
3 2 





h, = 1.245 
de = 1.675 
Vy becomes 
V_ = 2(0,051) : 
: ae 
25900 ° 2on0 


bap ie Oy LO2 . 
Ve = Tey? x 10° ce 192.5 lbs/in. 
The ‘bending moment in the radome is given by equation (35) 


| “1.2452 


M = 1556 sin 1.25 3 


The. maximun moment will occur at 


Tt ‘ 
a = ii. 2h5) = 0,63 inch 
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and is 
i S : re ae 
Ms 159 € sin [ 50 in lbs/in 


which will give a stress of 


6M 6(50) . 
= = = 9250 
(2b)* (0.18)* a 


since this combines with the thermal stress caused by the temperature 
distribution through the wall, the attachment is the critical area, 


6.5 Discussion 


Two of the most important aspects in the structural design of radomes 
fabricated from nonmetallic inorganic refractory materials have been 
examined in the illustrative problem. The first of these is the high 
thermal stresses that occur at high temperatures. The requirement for 
higher speed missiles and other flight vehicles will cause this problem 
to become more severe. It was noted that for the particular missile and 
mission selected, the alumina radome was found to be satisfactory. How- 
ever, had the burning time been longer, the thermal stresses at tempera-~ 
ture would have exceeded the allowable strength value for the material. 
One approach that appears to offer promise for higher speed longer duration 
vehicles is that of coating the radome with an ablative material. This 
approach was examined in reference 57 by test and by analysis and it was 
found that an ablative coating could be designed to extend considerably 
the duration of high-speed flight. 


In any application of ceramic radomes to high-speed flight vehicles, 
the relative merits of the use of ablative coatings with the various 
ceramic radomes must be examined in detail, The least expensive way to 
make this type of survey is amalytically, although material tests will 
always be required to provide adequate input data. The general engi- 
neering approach described above will serve this purpose reasonably well. 
However, in the interest of obtaining results quickly and inexpensively, 
it is recommended that the radome manufacturers have the appropriate 
equations programed for high-speed digital computers. 


The second important aspect is that of the attachment of the radome 
to the vehicle structure. This is an area where the details of the 
design are very critical. The two points to consider in this problem 
are (1) the relative radial expansion between the vehicle and the radome 
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} 
and (2) the radial shear load produced by the difference in expansion, For 
a constant heat input, it was seen that the difference in radial expansion 
could be expressed as 


Ar o, Taye (1 = A) 
ae am Crbr pr 
ar Cb o 
mm" m 


To minimize dr, it is necessary to make the ratio A as near to unity as 
possible. This must be done by considering both material properties and 
the geometric properties as typified by the equivalent shell thickness of 
the vehicle, i.e., 2b. One interesting approach that might be explored 
is the use of some sort of heat shield in the area of attachment. It is 
conceivable that this shielding might be distributed in such a way as to 
reduce considerably the thermal mismatch. 


Another approach that can be used to reduce the stresses is to design 
the attachment so that the forces generated by the mismatch are kept small 
in magnitude. This is done by making the term Bm Am in equation (3h), 
which represents the attachment stiffness, as small as possible. Obviously, 
there must also be a compromise here because the attachment must also meet 


the strength requirements. Finally, the design of the attachment should 


be such as to reduce to a minimum its bending rigidity, or clamping action 
on the radome, 


These general principles provide a guideline to the approach and the 
important parameters of nonmetallic inorganic refractory material radome 
design. The solution of the problem requires, however, a careful study of 
each individual case by the structural designer. 
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7. TEST METHODS 


The first step in organizing a survey of the existing data on inorganic 
refractory materials is to investigate the theories and methods used to 
evaluate the pertinent data. It becomes imperative that one survey not only 
the existing data, but also the method used to generate the data. Once the 
methods have been approved as satisfactory, one must compare the data of 
the various methods to determine the most reliable results, 


7.1 Mechanical Measurements 


Currently available methods for accurate mechanical measurements were 
surveyed under Air Force contract No. AF33(657)-806) by the Engineering 
Experiment Station, Ohio State University. Theoretical basis of tests, 
practical limitations and present practices are discussed as they pertain 
to tensile strength, compressive strength, flexural strength, modulus of 
elasticity, modulus of rigidity, Poisson's ratio and termal shock 
resistance. 


7e2 Thermal Measurements 


Current methods for measuring thermal properties pertinent to this 
report are being covered in detail in the supplement to the WADC~TR-57-67, 
Techniques for Airborne Radome Design, by McGraw Hill Publishing Co.; therefore, 
the methods used to generate the thermal properties will only be mentioned 
whenever they are known, . 


Detailed thermal and mechanical properties of single oxides and mixed 
oxides can be found in the report prepared by Battelle Memorial Institute 
under Air Force Contract No. BE KCPT 0228 this report also contains 
information on measuring methods. 


Since it was not the major goal of this report to investigate thoroughly 
the techniques and practices of mechanical and thermal measurements, the 
investigators of this work (on the advice of the contracting officer) merely 
reference AF33(657)-806) and AF33(657)-8326 for a working knowledge of the 
state of the art. 


7.3 Electrical Measurements 


The precise design of a radome must necessarily be predicated upon a 
detailed knowledge of the dielectric characteristics of the material 
selected for use. The lack of such information becomes apparent after any 
Series of boresight tests. Future emphasis upon aerospace applications has 
increased the overall complexity of the problem through the addition of 
environmental extremes, 
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During the early stages of radome development, many methods for 
measuring dielectric constant and loss tangent were devised. However, 
there was much disagreement among the many investigators. Because of the 
large amount of data published during these early days one must be extremely 
cautious to discriminate between the good and the bad. For this reason it 
was felt that a more detailed outline than the existing outline®® in ARTC-) 
should be presented to substantiate ARTC-), and make this report more 
meaningful. 


This report will show that accurate measurements of dielectric constant 
and loss tangent at microwave frequencies can be performed by several 
proven methods, each of which has its own merit. Dielectric constant and 
loss tangent data on refractory materials at elevated temperatures are 
included and compared in the Appendix to this report, 


7.321 Resonant-Cavity Technique (Variable-Frequency) 


Recent. measurements have been made by forming a cavity around the 
sample being tested. The samples were right cylinders, 0.999 + 0,001 inch 
in diameter, with thicknesses between 5/8 and 7/8 inch, and plane and 
parallel to 0.005 inch. 


For the frequency-variation resonant-cavity method, samples were 
formed into dielectric-filled resonators by the application of metallic 
coatings, Figure 11 shows the experimental equipment used for this 
measurement, From ambient temperature to 850°C, silver paint was used. 
Platinum paint was used to extend the temperature range to 1200°C, In 
order to attain 100°C, it was necessary to go to 0.0015=inch thick 
platinum foil, 


Using a right cylinder with the diameter greater than the height, the 
lowest frequency of resonance is for the TMo,9 mode: 


A = 1.30637 D K 


and the Q of the cavity with lossless dielectric is: 


se 10* V/s. 


0.38 » 
1+ ee 


where X\ = free space wavelength in cm at resonant. frequency 


Oo 
n 


diameter in cm 
h = height in em 


S = resistivity of metal walls relative to copper. 
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The total losses are measured by width, AA, of the resonance curve 
between half-maximum power points. The difference between the apparent 
loss tangent of the cavity and 1/2, is the dielectric loss tangent. 


ol 


tan 6 = X q, 


All the measurements given in this report were made using the TH,,, mode, 
the next lowest frequency mode for which 


Die ee a a ee Vhs 
(Qe 34. 3,725 Z 0325)" 
pe h? 


and 
1.31 x 10*n 2.39 h® + 1.730 D? 


: 3 
Vis 3239 2 + 0.73 Dh + 1.73 PP 


7.362 Resonant-Cavity Technique (Variable - Length) 


The resonant cavity technique is particularly suitable for measuring 
dielectric constant and loss tangent of medium and low loss dielectric 
materials in the 8.0 Ge to 0.0 Ge range, 


Q., = 


Two of the more widely used cavities are those which emnloy disc- 
shaped or rod-shaped samples. Other variations commonly made are to employ 
either transmission coupling or reflection counling to a rirht circular 
cylinder operating in the TE,,, mode, The cvlinder is excited into. resonance 
by varying its length or adjusting the input signal freouencv, 


A variable-length cylindrical transmission cavity (shown in figure 12) 
operating in the TE);n mode has been used for this purpose. A circular 
sample slightly smaller in diameter than the cavity is prepared from the 
material to be measured, Sample thickness is usually between 0.1 inch 
and 0.2 inch, depending on the estimated dielectric constant of the material, 
and the sample must be plane and parallel within about 0,001 inch for good 
results, Figure 13 shows the position of the variable-length resonant 
cavity in the system, 


For a specific frequency, the change in length required to return 
the cavity to resonance after inserting the sample is a measure of the 
dielectric constant of the sample. The change in cavity "Q" produced by 
the presence of the sample can be used to calculate its loss tangent. 


77 


R7230 


TOP END-PLATE 










RESONATOR 
BARREL 


WAVEGUIDE 


SECTION ie 
ce a a 


SAMPLE 


COUPLING 
IRIS 







aaa NON-CONTACTING 
KW NGER 
NON-ROTATING SN =< RING 

IN 


CLAMP 
COLLAR 





MICROMETER 


MICROMETER COLLAR 


BARREL 


Figure 12 A Variable-Length Cylindrical Transmission Cavity 
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In the system shown in figure 13 the empty cavity is tuned to a 
condition of resonance by moving the plunger to the TEK),;, mode. The 
cavity is then tuned to the TEj;2 mode. The linear distance between the 
two modes represents one half. of the wavelength in the cavity, \ g/2s from 
which Ag is obtained. Resonance positions are located by noting” maximum 
power readings on the Standing Wave Ratio Meter. After repeating this 
procedure with the sample in the cavity, it can be shown by the following 
relation that the altered resonant length by the presence of the sample 
is a measure of the dielectric constant, K. 


-tan Bb _ tan (L6 <b 
By Bo 


where 2p = empty cavity resonant length, 


b = sample thickness, 
and 

ie cet 

Po 5 


g 
The dielectric constant, K, may then be calculated from the expression 
See 
Bo® +k? 
where 
k = transverse phase constant. 
To determine the loss tangent one must measure the cavity, Q, with and 


without the sample present. This is performed by measuring the 3-db 
width, Af, or half=power points, The cavity, Q, is then determined by: 


« Bo te 
; (ar) 
where 
4 = the resonant length of the cavity. 


The loss tangent, tan 6, is calculated by: 


tanb= aC Ga 
where 
Qo = Q of the empty cavity, 
Q = Qof the loaded cavity. 
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The constant A, introduced for reasons of simplicity, incorporates the 
constants such as power loss at the metal boundaries, skin depth, or 
depth of current penetration which are peculiar to air-filled cavities, 


7.3.3 Shorted-Line Technique (Rectangular Waveguide) 


Standing-wave measurements in the transmission line in front of slid 
dielectrics provide rapid evaluation of dielectric constant and loss tangent, 
The method consists of reflecting the wave at normal incidence from a sample 
placed against a perfectly reflecting surface. This reflection process sets 
up standing waves in the space region in front of the specimen as a result of 
the superposition of the incident and reflected waves, An electric field is 
maintained at right angles to the direction of propagation of the wave; and 
is, therefore, a transverse electric (TE) wave, 


The separation of the first minimum from the face of the sample will 
depend on the wavelength of the wave in the sample and the sample thickness, » 
since the first minimum will be an integral number of half-waves from the 
reflecting surface behind the sample, Insertion of the dielectric sample 
shifts the minimum of the standing wave toward the shorted end of the guide. 
Figure 1) illustrates this shorting of the wavelength and the resultant 
shift of the standing wave. The separation of the first minimum of the stand- 
ing wave from the interior surface of the specimen is a measure of dielectric 
constant. Experimentally, this data may be obtained with the aid of a movable 
reflector.°° 


Figure 15 shows an arrangement of the apparatus used in making the 
measurements for the determination of the dielectric properties by the short- 
circuit-line method. A dielectric sample placed adjacent to the short circuit 
causes: (1) a shift in position of the standing wave toward the short circuits 
and (2) broadening of the standing wave nodes. For materials having loss 
tangent values less than 0.1000, the dieiectric constant and loss tangent can 
be evaluated independently from values of the shift (Xz - X,) and the associ- 
ated broadening (AX, = AX,), respectively. An arbitrarily selected node in 
the voltage=-standing=wave form may be located by use of the slotted line. Use 
is made of the existing relationship between X&, the calculated distance from 
the sample face to the first minimum, and the uncorrected dielectric censtant 
expressible parametrically by the equations: 


k= (i - p) q@ +p 


where , 
oe tan 2nd. (K/h ) 
tan 2nx., (d/ro) 
and 
p= AA) 
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Figure 14 Pictorial Demonstration of the Shorting of the Wavelength and 
the Resultant Shift of the Standing Wave after the Insertion of 
the Dielectric Specimen into the Shorted Waveguide System 
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The parameter, q, represents the ratio of the guide wavelength in air to 
that in the sample. The ratio, X/r >» 1S computed by means of the following 
relationship: 8 


Ig = N/2 = dry . 6. bond Dros 
in which N is the minimum positive integer yielding a positive value of 
X /r_. 
o §g 


Similarly, a simplified expression of dielectric loss tangent is 
obtained: 


loss tan = a (Fp) (Faq) 


s 
where AX = shift in node width at half-power or 3=db points 
Fp = 1 - p/k 
Xo 
x + x tan® 2n X- 
Fq = 


x +x tan® x = tan x 


This method yields measurements that are more than sufficient for most 
engineering applications. 


The preceding discussion has been confined to three of the more than 
thirty available methods for determining dielectric properties of solid 
dielectrics, Each of the methods described has advantages and disadvantages, 
However, the researcher or tester who is skilled in any one of the three 
methods can, with proper precautions, evaluate the dielectric properties of 
solid dielectrics to within +1%. Numerous other methods have been eliminated 
because of one or two of the following disadvantages, 


a. Accuracies do not approach the +1% range which is easily attainable 
by the three methods discussed. 


b. The system is not capable of evaluating both dielectric constant and 
loss tangent. : 


ce. Inability to attain elevated temperature data. 

d. No data available by that method. 

Assuming one is familiar with the usual precautions necessary when work- 
ing with high-frequency equipment, a discussion of the less familiar diffi- 
culties will be pursued. Each of the methods described above can produce 


erroneous data. The extractor should be aware of the errors often made which 
will affect the reliability of the measurements. Careful attention must be 
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given to the sample being measured. In the variable~length resonant-cavity 
method, radial tolerances are not critical; however, the faces must be flat 
and parallel to within .002 inches. The optimum sample thickness is 60 
electrical degrees, This becomes a problem when extending the temperature 
range. As the temperature increases, the sample expands, thus increasing the 
electrical thickness. To compensate for this effect, one must use two or more 
sample thicknesses, depending on the temperature conditions and thermal expan- 
sion of the material being tested. 


It was mentioned previously that the variable-frequency resonant cavity 
was made by forming a cavity around the test sample. The three coatings 
mentioned were silver, platinum paint, and platinum foil, One should be 
cautioned, however, that the platinum paint has a resistivity 20 times that 
of copper; therefore one cannot assume the empty cavity conditions, Correc- 
tion factors must be incorporated into the calculations to overcome this 
difficulty. 


The best way to solve the high-resistivity problem is to avoid using 
the platinum paint by using .0015" foil. The foil can be applied to most 
refractories by wrapping the cylindrical sample with the foil, placing it 
in a tight-fitting carbon sleeve and sintering to about 750°C, If the 
expansion of the refractory is greater than that of the carbon, the foil 
will be compressed into a perfect cavity. 


Difficulties will arise in forming the cavity around the sample, so 
one searching for accurate dielectric data must make certain that the 
researcher or tester encountering these difficulties has become proficient 
before proceeding with the actual test. 


The exact sample fit in the shorted wave guide system is the most 
critical consideration, since it is necessary that the sample fill the 
complete end of the waveguide to achieve accurate and reproducible dielectric 
constant values. Much time and patience is required before one becomes pro= 
ficient in loading and unloading the waveguide, As the temperature is 
increased in this system, it is obvious that the sample must expand less 
than the waveguide. If the sample expands faster than the waveguide, it 
will distort the waveguide; therefore it is necessary to allow enough 
clearance at ambient temperature so that the sample has room to expand at 
elevated temperatures. This condition dictates the necessity for two 
samples: a tight fitting sample at lower temperatures and a slightly smaller 
sample for elevated temperatures, 


For temperature runs in which the dielectric constant changes appreci- 
ably, the method is not always ideal unless two or more sample lengths are 
used, because the sensitivity and accuracy vary with the electrical length 
as in the variable-length resonant-cavity method. For maximum sensitivity, 
the sample should not be a multiple of a half wavelength long. A sample 
having an electrical wavelength 5i/l) at room temperature can change to a 
3x/2 sample during the temperature run, and the node shifts due to waveguide 
expansion become important and limit the accuracy of measurements if one does 
not take the proper precautions. 


85 


8. 


REFERENCES 


Earlier in this report, the total number of documents reviewed during 


this contract was stated as 7000. It will be noted that the bibliography 
included with this report contains less than 60 references. This is a 
direct result of the fact that the majority of those reports reviewed 
either did not contain information of direct use to the use of nonmetallic 
inorganic refractory materials for elevated temperature radome use. In 
addition, the same data concerning dielectric behavicr was often referenced 
many times in many documents. If this was the case, the original reference 
only was included. 


Melpar has had extensive experience in the use of CODEN information 


retrieval techniques, and this system was planned for use in this final 
report. (See p. 13 Third Quarterly Report in this series, Oct. 63-Jan. 6h). 
Specific guidance from ASD, however, led Melpar to put CODEN usage in 
abeyance until possible extension of effort in this program. 


l. 


26 


Be 


Yo 


10. 


Lukes, Daniel W., Frenchtown Porcelain Co., "Aluminum Oxide Ceramics," 
(June 1956). 


American Lava Company, "AlSiMag Metalized Ceramics," Bulletin Number 
632.6 


Kingery, W. D. and Cable; R. L., Ceramics Division, Department of 
Metallurgy, Massachusetts Institute of Technology, "A Review of The 
Effect of Metallurgy on Mechanical Behavior of Polycrystalline Ceramics." 


Milek, J. T., Hughes Aircraft Company, Electronics Properties Informa~ 
tion Center, "Pyroceranm Data Sheets," Contract AF33 (616)-8)38, 
(August 1963). 


Brown, Raymond, Brush Beryllium Company, "Measuring Thermal Conduc= 
tivity of High Conductivity Materials," 


Westphal, W. B., Laboratory for Insulation Research, Massachusetts 
Institute of Technology, High-Temperature IMicrowave Dielectric 
Measurements," Personal Communication, (July 1962),' 


Pedigo, Alan, Coors Porcelain Company, Radome Handbook Second Edition, 
(1962). 


Corning Glass Works, Radome Department, Technical Products Division, 
Materials Handbook, Sixth Edition, (April 1963). 


Laboratory for Insultation Research, Massachusetts Institute of 
Technology, Progress Report No. 30, Contracts: Nonr-181(10), 
AF33(616)-8353, AFI9(60h)-8493, AFL9(60;)-6155, (January 1962). 


Laboratory for Insultation Research, Massachusetts Institute of 
Technology, Progress Report No. 31, Contracts: Nonr-18)1(10), 
Nonr-18)1(88), AFL9(60h)-6155, AFL9(60)-8483, AF33(616)-8353, 
AF-AFSOR-62-317, (July 1962). 


86 


li. 


L2. 


13. 


ds 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


226 


23 


Tatnall, George, Corning Glass Works, "Information for: Radome 
Materials Report For The USAF Under Melpar Contract AF33(657 )=10519 ," 
Personal Communication, (October 22, 1963). 


Shook, William B., The Ingineering Experiment Station, Ohio State 
University, "Critical Survey of Mechanical Property Test-Methods for 
Brittle Materials," Contract AF33(657)-8064, (July 1963). 


Brigs, D. D. and Wolkodoff, V. Goors Porcelain Company, "Elastic 
Properties of Oxide Ceramics," Personal Communication, 


Sutton, Robert, Boeing Aircraft Company, Antennas and Radomes Unit, 
NDielectric Properties of Electromagnetic Window Materials for 
Hypersonic Vehicles," Personal Communication. 


Westphal, W. G., Laboratory for Insulation Research, Massachusetts 
Institute of Technology, "Dielectric Constant and Loss Measurements 
on High-Temperature Materials," Technical Report 182, Contract AF33 
(616 )=-8353, (October 1963). 


Hughes Aircraft Company, "Information Retrieval Program Electronic/ 
Electrical Properties Material," Second Quarterly Progress Report, 
Contract AF33(616)-8)38, (January 15, 1962). 

Corning Glass Works, "Designing with Glass," Bulletin 12-1, 


Melpar, Inc., "Determination of Material Properties," Submitted to 
Hughes Aircraft Company, Contract Number H-5))1971-FC-90-3, 


Melpar, Inc., "Determination of Material Properties," Appendix to 
Final Report, Submitted to Hughes Aircraft Company, Contract Number 
C1971 -FC-90=3. 


Milek, John T., Hughes Aircraft Company, Electronic Properties 
Information Center, "Beryllium Oxide Data Sheet," Contract AF33 
(616)~8)38, (March 1963), 


Milek, John T.,; Hughes Aircraft Company, Electronic Properties 
Information Center, "Magnesium Oxide Data Sheet," Contract AF33 
(616 )~8438, (June 1963). 


Milek, John T., Hughes Aircraft Company, Electronic Properties 
Information Center, “Steatite Data Sheets," Contract AF33(616)- 
8438, (February 1963). 


Milek, John T., Hughes Aircraft Company, Electronic Properties 


Information Center, "Cordierite Data Sheets," Contract AF33(616)- 
8438, (June 1963). 


87 


2h. 


256 


26. 


276 


28. 


296 


30. 


31. 


326 


336 


3he 


356 


Melpar, Inc., "Large Ceramic Radome Manufacture-Hlectrical and 
Mechanical Characteristics Measurements (Ceramic Radome Testing)," 
Contract AF33(600)-37908, AMC Technical Report 60-7~632d, (June 1962). 


Coors Porcelain Company, "Electrical and Mechanical Design Appli- 
cations," Personal Communication. 


Western Gold and Platinum Company, "Alumina Ceramics," Personal 
Communication. 


Taylor, H. D., Director of Research and Development, Diamonite 
Products Manufacturing Company, "Forming Alumina Ceramics," 
Ceramic Age, (February 1962). 


Laboratory for Insulation Research, Massachusetts Institute of 
Technology, Progress Report Number 32, Contracts: Nonr-18)1(10), 
Nonr 1841(88), AFL9(628)-395, AF19(60))-6155, AF33(616)-8353, 
AFL9(60),)~8)83, AF-AF)SR-62-317, (January 1963). 


Ohio State University, "Proceedings of the ASD-OSU Symposium on 
Electromagnetic Windows," Technical Document Report Number ASD-= 
TDR~62~676, Volume I, Contract AFSS(ClS)-7LL, (July 1962). 
Lockhead Aircraft Company, "Properties of Refractory Materials, 
Collected Data and References," LMSD=2);66, AD205~52, (June 1958). 


Electronic Components Laboratory, "Techniques For Airborne Radome 
Design,'' WADC Technical Report 57-67, Contract AF33(616)-3279, 
ADI42-001, (September TST, 


Armour Research Foundation, "Determination of HEnissivity and 
Reflectivity Data on Aircraft Structural Materials, Part III," 


WADC Technical Report 56-222, Part III, Contract AF33(616)~3002, 
AD239-302, CApril 1960). 


Armour Research Foundation, "Thermophysical Properties of Solid 
Materials Volume TII Part I," WADC Technical Report 58-76, 
Contract AF33{616)-5212 ,AD265=597, Part 1, (November 1960), 


Armour Research Foundation, "Thermophysical Properties of Solid 
Materials Volume III Part II," WADC Technical Report 58-)76, 
Contract AF33(616)-5212, AD265-597, Part TI, (November 1960). 





Lee, D. W. and Kingery, W. D., "Radiation Rergy Transfer and Thermal 
Conductivity of Ceramic Oxides," Journal cf the American Ceramic 


Society, Vol. 43, No. 11, p. 602-603, (March 1960). 


86 


36. 


376 


38. 


396 


yO. 


yl. 
he. 


43. 
Lhe 
be 
46, 
L7e 


48. 


Hague, J. R., Lynch, J. F., Rudnick, A., Holden, F. C., and 

Duckworth, W. He, Battelle Memorial Institute, "Refractory Ceramics 

of Interest in Aerospace Structural Applications," Contract AF33(657)- 
8326, (October 1963). 


Narmco. R&D, Division of Telecomputing Corporation, "Composite Ceramic 
Radome Manufacturing by Mosaic Techniques," Interim Engineering 


Progress Report V, Contract AF33(657)-10111, (July 1963). 


Walton, J. D. Jr., Poulos, N. EL, Murphy, C. A., Harris, J. H., and 
Wolf, J. M., Ingineering Experimental Station, Georgia Institute of 
Technology, "Design amd Development of an E-M Window for Air Lift 
Re-entry Vehicles," Interim Ingineering Report 2, Contract AF33(657)- 
1150), (July 1963). 


Coors Porcelain Company, "Final Report for Large Ceramic Radome 
Manufacture by Dry-Isostatic Pressing Techniques," Contract AF33(600)- 
37879 3 ASD-TDR=-62-967. 


Walton, J. D. Jr., Ingineering Experimental Station, Georgia Institute 
of Technology, "Slip Cast Fused Silica," Personal Communication, 


Handbook of Geophysics for Air Force Designers, Geophysics Research 


Directorate, Air Force Cambridge Research Center, Air Research and 
Development Command, United States Air Force, (1957). First Edition. 


‘Gilmore, F. R., "Equilibrium Composition and Thermodynamic Properties 


of Air to 24,000°K," The RAND Corporation Research Memo 179), 


Johnson, H. L., Matfox, R. We, and Powers, Ro. W., "Viscosities of 
Air and Nitrogen at Low Pressures," NACA TN 256. 


Kennard, E. H., Kinetic Theory of Gases, McGraw-Hill Book Co., Ine, 
New York, (1938). 


Keenan, J. H. and Kay, J., Gas Tables, John Wiley and Sons, Inc., 
New York, (198). 


Shapiro, A. He, The Dynamics and Thermodynamics of Compressible Fluid 
Flow, the Ronald Press Co., New York, (19 e 


Jeans, J. R., The Dynamic Theory of Gases, Cambridge University Press, 
New York, (195). 


Rainey, Re We, "Working Charts for Rapid Prediction of Force and 


Pressure Coefficients on Arbitrary Bodies of Revolution by Use of 
Newtonian Concepts," NASA TN D-176, (December 1959). 


89 


49. 


50. 


Sl. 


526 


53. 


She 


556 
56. 


576 


58. 


596 


60. 


61. 


Note: 


Lees, L., "Laminar Heat Transfer on Blunt Nosed Bodies at Hypersonic 
Flight Speeds," Jet Propulsion, Volume 26, No. h, (April 1956). 


Stine, Howard A. and Warlass, Kent, "Theoretical and Experimental 
Investigation of Aerodynamic-Heating and Isothermal Heat Transfer 
Parameters on a Hemispherical Nose with Laminar Boundary Layer at 
Supersonic Mach Numbers," NACA TN 334, (December 195)). 


Van Driest, E. Ro, "The Problem of Aerodynamic Heating," 
Aeronautical Engineering Review, Vol. 15, No. 10, (October 1956). 
Hill, P. Ro, "A Method of Computing the Transient Temperature of 


Thick Walls from Arbitrary Variation of Adiabatic-Wall Temperature 
and Heat Transfer Coefficient," NACA TN 105, (October 1957). 


Bugliz, J. J. and Brinkworth, H., "A Comparison of Two Methods for 
Calculating Transient Temperatures for Thick Walls," NACA TN 33, 
(1958). 


Carslaw, H. S. and Jaeger, J. C., Conduction of Heat in Solids, The 
Clarendon Press, (1947). 


Schmidt, E., Thermodynamics, The Clarendon Press, (199). 


Timoshenko, S. and Goodier, J. N., Theory of Elasticity, McGraw-Hill 
Book Company, Inc., New York, (1951). 


Cavanaugh, Je F. and Sterry, J. P., “Heat Protective Ablative Coatings 
for Radomes," WADD Technical Report 60-507, (August 1960). 


Aerospace Research & Testing Committee, Aerospace Industries Associ- 
ation of America Inc., "Hlectrical Test Procedures for Radomes and 


Radome Materials," ATC Report Noe ARTC-h, (July 1960). 

Thomas C. Goodwin Jr., Mauree W. Ayton, Library of Congress, “Thermal 
Properties of Certain Metals", WADC Technical Report 56-),23, Part II, 
ASTIA Document No.-AD 157-169, (September 1958). 

Defoe C. Ginnings and Robert J. Corruccini, National Bureau of 
Standards, Journal of Research of the National Bureau of Standards, 


Volume 38, (June 1947). 


Laboratory for Insulation Research, Massachusetts Institute of 
Technology, Quarterly Progress Report, AD 222-82), (July 1959). 


The Letter "M" in the reference column of the Location Chart in the 
Appendix indicates. data generated at Melpar, Inc. 


30 


APPENDIX 
LOCATOR CHART 
GRAPHICAL DATA 


TABULAR DATA 


91 


Aqtaeg yueuosay yysueT eTQeLIeA = Ohare 
euTT peqytoug =~ WD xx 
Aytaeg queuosoy Aouenberty etTqeTszeA - OaA 




















ee SE 
ST LIN OaA Te ; - €96°E xNTE ONT 
: XNTE ONT 
TTL But e0g oT og 95°NS 116 °€ IT I308Tq Te reuen 
ST LIW ODA 6t es*es i ennee 06-9 z9gt~d 
ST LiW QIN gt €5°@4. €gsr°e G6706  27069-a 
GT LIW OdA ET €S°2s. 90L°€ 16°S6 = T=2ti€-d 84 Tuowetq 
St LIW 1h ST 95°NS. © eLi*¢ - TLoz-oW 
ST LIW OaA 9T as og’e a yy 
St LIN Oh TT Le Je S6L°€ 66 66 dv 
tT guteog OTA ET 12°S2 6L°€ 66° 66 QV 
tr Buteog OTA AN 22 ‘02 og°€ 5°66 S66 GV 
ST LIW OTA TI 72° 0? og*€ 5°66 S66 dv S.1009 
ST LIN OaA OT mye = “ele 5°66 ZNGT umnatpuntogseg 
ct Lin OIA 6 6Tf ot LL2°€ Sg O25 
W red Tow 1s as o¢€ £62. - 6 
W zedp oy Ss Z gyf tt - 6 - NO. 
_W redqToy Is 9 gist 7 16 - 
St LIN OdA S gtf st 995° us 6TL 
WW aedTay TS g = LL2Z°€ 6 = 
Wl red Toy Ss q 6ESle G2Lre 96 Trg 
Wl sedjag 1S £ TH fot S2l°€ 96 _ ttg9 BAey 
ST LW ~ OFA é ge*9€.. Gee 96 trr9 ue opLoury 
St LIW _Odh T pena aes TELE = 2g6"¥ = KOTEQTY 
euTumTy 
soUusTeyey fq poy yey °ON Wed T ON OuNnd Ty “ug/un quenzyT{suog UoTyeUstseq Sepecry, 
pe ysea, qse], uoTye\yUeseTg uot zeyuesery € UuTEW ¥ 
deTNQe Teotydeip 


LNHONVL SSOT ANV INVLSNOO O1ULoa WId 





LAVHO YOLVOOT SALLWadOud WOTMLOT Ta ss 


! (| | ©? 2D 2B Se Se wa 


S55 = 


le 
de 


HT 


90U8.19 Jay 


redox 
DIW 
red Tay 
dU Ta0g 
LI 
GIn - 
LIN 
LIW 
DIN 
LIN 
LIN 
aedTey 
sedT oy 
LIAN 
LIW 


LIW 
LIW 


aedToy 
zedT ay 


aedTay. 


aedTen 
Je dT on 
Jed ayy 
red Toy 
suteog 


~ hq 


pe4ysey, 


OFA 


oA 


poujew 
489], 





on WF] 





nese 
TE fe 
22°61 


22°6t 
LUS9T 
94°NS 
OTS Ot 
ge Soe 
GEf9E 
R2°92 
TS*0S 
ees te 
Zo 6 
“99°55 


LiTfgth 
TEon 


“Otten 
BETLE 
ee *6T 
TESEE . 


"ON Sunset y 


GOL°E 
- LL°€- TL € 
QSL°E 
9TE°E 
90L°E 
Lo7r'e 
-£QS°E 
gos’e 
9Egre 
g2gre 
GELTE 
9ZE°E 
Q65°E 
eae 
S9°€ 
6LL°¢ 
TR°E 


= 


gLre 





€ 


UOTYeYUSesSeTg wUoTLeEQUeSeTg 


Tenge y, 


Teotydedy 


9° 16 
9° L6 
S°66 
S° 66 
5°66 
59°66 





UTen g 


OO€ 
ooe-"¥ 
966° 
S66-"TV 
S66-"TH 
600T""l¥ ogsom 
*pis- Iv 
9Te-V 
eLerv 
ZLeny 
oT9 oTBMSU01TS * S "nl 
asg-9S 
agé-9s 4419 4XTTS 
udodTON 
XOTY 
eTTTAteg °T}eN 
Let-v¥ 
€og-V 
TTemfeu0q uuTW 


rwedToy 
TSE 
2St 
Z5€-OL eoedze qu 





wg/ug quanyTysuog UOT EUs TSEq epeET], 


93 


“WH - gedTay qs 89 26°16 


ST IW och | TL 26°16 1 

ET’? = 
ST é Lin OTA OL 26°16 pee - umpun.tog.re 
nT upeog OA 69 — -26°T6 eee 7 rere 


SPL IVIN wolog 


W JedTow ’ , 
TE suTe0g OTA 5S 19 a a é e 
9 9 O9*e-"L" 2 66 KOTIeg etTTsaeg 
Te suteog OTA 7 * o 7 TIEN 
tT duteog oA 2 oon Lg*¢ - 2€6-dd 
| 2Q°2 g6 Q6-qg UTeTeo10g 
Gt IIW aA ‘ 7 saooy 
ST LIW sak fate eae = ea 2 
ST LIW oan 09 19°99 Bene a oe 
ST IW Oa 65 19°99 oe A eee 
W zed Tey TS LS , 69°99 - ~ : OT? Tra 
Wl sedtow 6 95 69°99 6 7 
i zedqoy S 5S  -69*R9 ao - ee 
9°89 06°2 G°66 l-Trd wnt{TAseg 
sUTa0 . : ; Wendy 
Te d OTA 11S €9 29 1°66 - oopktag °daog 
LE zed Tay ‘ P wary TAteg 
W zedyea s ¢ : 8 nt 
TOW ‘Ss os "6N os*t9 = 5°66 7$L Baeqy edouy 
e0us Je yey kq pouryeW “ON WEdT “ON alteta 7 ee ee 
peyse, qsoL uoT}eVUEeSaTy dere ueeons ae ee eae 
seTngey, Teotydeay i 
eT TAreg 


TT 
ST 


ST 
ST 


ues 


t 
ge 
W 
qT 
ST 





aouate yoy 





Zu Te0g 
suteog 
LI 
BUTUIOg 
LIW 
DIn - 
tedT oy 


LIN 
su Dog 


su Te0g 


TedTopy 
au Te0g 
LIN 


peysey 


22 TL 6T°2 - OST6 




















O1A €8 
OA a AL69L -96°T - won 
Od - 19 LL69L. 296° = TH6L 
= 0g CLL: gT°2 96 0062  suTus0g 
OTA 6L NLL: 96re2 (4e°Tg) [tsaeuy 
OA gd RL s€d G2l’°2 (quaonTsuer,) TTs1euy 
TS Le 42 SE. (TeToseuuog) TTss98wy 
Teotqdg ue ofteuy 
‘seye OTTTS 
OTA 66 9828 ° = stare - TrTemseuoy=°uUuTy 
OTA OOT 8g 628 - 2tee - gUTO0g 
BTSeudeW 
om TOT 06,6 ~ OS°€ = sutTa0g 
Teutdg 
= 9L 98 “Sg = = 9096 
- m1 = = - 9096 
4 SL tg “Eg - a 9096 
OTA €L he “eg 65°% = 9096 
Ou ed te €g Logre - 9096  duTudog 
pouxen °ON Wed] °ON SIMs Ty ug/un 4yuENnyTyISUuoD UOTYeUdTSEq spe], 
489], UOTIEQZUBSOLY UOT YeEqQUessTy € uTen % 
TeTNaey, Teotyde un 


wee o0ikq 


9D 








ge 2 = 96 = = = Ssnosuel [eos Ty 
W zedT oy 7g S6 28 *T8 = = TT-169°V 
ge zed Taw Ss 6 0g 62 7 " OT~T69°V 
9¢ red Tay 1S €6 08 S64 - = 6-169-V 
ge sedpoy Ss 26 0g *62 - all Q-t169-V 
ge sed roy 1s 6 08 62 = a L-T69-¥ 
ge redT ow 1s 06 gd “22 7 mh g-n69-¥ 
ge azedqToy qs 69 Oke: = = e-T69°V 
ge rede 1S 9g 09 S22 - = = ~  g=t69rv 
ge zedTop TS 1g gL Sil - = Tet69-V 
ge redTow TS 98 . 28 *T8 “ = ET“1169-V 

ge redT ay] IS 58 28 “TS. - = eT-t69-V "Y29], 

etd109n 

douese Joy Aq pourey °ON Woot ON Oat Ty cutg Jin yuanyTysuog UoT}eusTSeq pea, 

peise, - 48e], uoTyequUeserg uoT eqQuesetg UTeW ¥ + 


teThge J, Te ofyde ty 


96 














c¢€ x907 doig Te Tyueqog O€T 66 - - SNOSUE TTSOS TH 
W redtey doiag Tetjueqog eT 16 - 0°96 -960a 
Wl sedTay doig Te mueyog §g2t 16 0°96 96a 
W wedjaw doug TeTueqog Jet , 16 0°66 66a 
W aedtoy doag TetqUeq0g = gat 96. G° 66 S66da S100) 
2 . - Szt 96 S*66 1S) eae] ueoToMy 
B TTT Areg 
2 96 6°66 SO sueTTSOS TH 
02 > = Cor 56 0°S6 OOTY 
92 = = Ze 56 9°16 oot lv 
92 = 2 T2t - 5°66 S661 
9¢ = 2 O2T 56. 59°66 600T I. odsom 
lz = = 6TL 96 96 ag6os 49t9 ATTS 
Lé . eee QtT = 06758 e9gt~d 
le x = LTT < 56-06 2706974 
Le = = OTT - 16756 Treyted ey Tuowe Tq 
Sz = = ST €6 0°S9 Sgav 
Se : 7 TUT €6 o°t6 Téa 
Se . zs €tl €6 0°96 96u¥ 
Sz = = ZU £6 © 0°66 66av "$2009 
zZ « e TIL "6 0°S8 915 
Z = = OTT 16 : o°t6 SLE. 
rA = = 60T 16° 0°96 tT19 
é =: = got "6. 0°96 gy, eaey ueotiouy 
euTWnTy 
9 Us Te sey Xq pouyzeyl °ON WSqT “ON ams qT Wg /uy quUaNyTTPSUOg UOT YeUd TSeg Spel, 
peysey qso] uoT Te YUsSaTg uoT}e JUueSSL C uTe % 
LeTNge J, Teotydeay 


ALIALLSTSHY GWATOA 


TUVHO YOLVOOT SHILuddOud TVOIULOa Ta 


97 


c€ 
Te - roT ser 
€€ 
g SuTuUI0g 
9 SUTU.IOg 
Q suTU 109 
Q. SUTUIOg 
ce yqney 
YouUeH 
€€ O10 Jawog 
€£ PTqI 
€€ pat 
souatejey Aq 
peyseL 


eseey 


%yTedtom doug Te tMuezog 


esprdg Od. 


es prsg od 
esptig 9a 
edptig od 


pouyew 
489] 


LET 
9ET 
€€T 


SEL 
HEL 


€ETS2ET 
TEL 
TT 


OuT 
6€T 
ET 





°ON WOqyT 
uoT}e qwWasedg 
aqeqTngel 


cOT = = 
B Tsoudey] 
OOT = as! 


SPTIVIN vorOg 











ZcOT = 7 
Teutdg a 
On 
2 = 9096 BuTULO”: 
TOT = 9096 Surutog 
we 1aD01Ag 
TOT = WO06, sutTutog 
7 r = 0062 Sutusog 
€0T = aytyeoys 
€OT = 99tqeeqg Ney 
€OT = eqrqeayg GS-1 
€OT = ayTIe sdog 
SazP OTT tS 
"ON OmMsT a ug/un YuengTysuog UoTyeUsTSeg Sper] 
uoT ye AUSeSsaTg € UTEW Y 
Teotudety 


92 
9¢ 
9¢ 
12 
lz 
L2 
S2 
SZ 


souerteya 





eg 
peqsel, 





“pouyey 


Be : €ST 
- : ZaT 
- 3 TST 
Q0dTH OV ., OST 


BT TT Ade 


- 61. 
- cual 
= LNT 
- gt 
- Sut 
“ TT 
~ CTL 
ma eur 





BUTUNTY 





"ON Wed, "ON S8InaTy 
4S2], uoTyeyUusserg uot zeV,uesesg 
TeTnqe], Teotydesp 


HDONTHLS OTYLOXTHIC 





LYVHO MOLVOOT SHTLYedOdd WORLEY 


q.U8n4 T4su0) 


uten % 


xoTLeg eT Tséteg 
TeuotyeN 

96 
96 dA S1009 
14 untTTAreg ysnig 


oo” ‘Iv o3som 
OO€ Tv o8sam 
S66 TW ofsamM 
Z99Ewd 9} TUOWe TG 
27069°d OP FUoWe TC 
Te2Tesd 8} tuowetg 
96 av 81009 
66 dV EL009 





UOTTBUSTSO sped, 


99 


SZ 
Se 


Ge 
G2 
6£ 


09 
6£ 
6€ 


6€ 


eouata yoy 


redTey 


zedTayl 


red Tey 


zedToy 


Xq 
peysey 


MOTT 





80H TeTpey TT TIL 
€ZT = 
edt = 
TLT = 
- 69T = 
- OlLT = 
- OLT sd 
MOTI 
qyeoH TeTpey g9T om 
qTATyonpuoD Tewrey] 
Id VouTLOTe9 
eoI uasung NST SOT 
19 7ouL1oTe9 
8oI uesung . LST = 
IOVouLLoTey 
eoI uesung 9ST = 
- . gST - 
Io .ouwtrocTeg 
eoJ uesung SST = 
7eoH dTFroedg 
pouyzen °ON WeqT °ON emsty 
489], uoTyeyUueSselg woTyequssetg 
zreTaqe] Teotydeip 
VNIWN'TY 


LUVHO MOLVOOT SaLLWadOudd TVWHSHL 





Q6°66~16°66 
5°66 


5°66 
66 


5°66 


quanyt4suo) 


Urey % 


66 dV 
S66 dv 


£4340 ALES 


$1009 


uMOuyUy, 
UopPLON 


eoed.194Uut 


s.1009 


uoTPeUsTSIg sper 


1c0 


6€ 
6€ 


W 


W 


soustTefoy 





TeaTopl 
redTay 


qtedTeyl 
zedTayy 
zed Toy] 


TedToy] 


redex 


red Toy 


zed Tay 
TedToy 


kq 
pezse, 





TeTHGeL 





TewrLoN TezOL 122 cet 
Teuloy TezOL 922 QTt 
TEWUION TeLOL Sez . €2T 
AAT ATSs Tuy 
9T2 = 
ST2 = 
LZ = 
€L2 
197. 9U07ET TE 
eityddes Tlz cet 
1679W04eT TO ad 
ertyddeg OT2 TET 
1970uW0ze TT 
eutyddes 602 Zet 
ro SuUl0Te TT 
ertyddes g0z TET 
LOZ - 
902 = 
soz = 
oz = 
€02 = 
Z0g - 
Tog = 
197. 0WO7Te TTC 
ertyddeg 002 ZET 
L9POuoVe TT 
artyddeg 66T _ TEL 
uoTsue TSULTOU, 
MOT 
qyeeH TeTpey 9LT TIT 
MOTT 
yeeH TetTpey SLT Tit 
pouyen °ON wWe4zT “ON amet 
4S90] uoTIeqUSsSeIg wUWotyequesesg 


Teotydesy 


5°66 
5°66 
S°66 


58 
86 





quenyz Tysu09 
uteW % 


S66 dv 
S66 av 
S66 av 


S009 


ooN=Tv 
OO€~Ty 
G66-T¥ 
600T-"Ty 


uwozION 


eoed.194ulL 


228 92829298 


sio00p 


ag OS 
dgé os 





“UOT VeUusTseg epery 


o3soy 


101 


Lt 
TL 


ve 
ae 
Ze 
6€ 
6€ 
6€ 
6€ 


goualoyey 


ATs uty WY 
AXOBUTY » 


AxesuTy 
ALeZUTY WH 


Axesuty x» 
ALOBUTY FR 
AIeBuUTy F 
£xe3uTy B 


Aqesuty F 
£IasutTy F 


zedToy{ 
redo 
redTayl 
tedToy 


fq 
peysey 


ae] 
907 
307 
eeT 
9a 
eet 
eey 
ee 
907 
ae] 


SOT OLL 
= TOT , 60T 
= €9T 60T 

qeoy OTs poedg 
WOITLS Gusna 

6L4T SLT 

gdT Bit 

LE ZUt 

998T YLT 

SQT €TL 

TQ TIT 

€QT TIT 

Zet €I1 

TET €Tl 

OgTt €TL 

4TATYONpUuCD TeULeyL 
SHATLVGGY HLIM YNIWNTV 
Terjoedg Teuton Tey - 

» CCS 6TL 
Teuton Te4o], ate 6TL 
Teustoy TePLOL Te? O2T 
Tewtoy TeyoL 0€Z O2T 
TeuION TeyoL 622 Tet 
Teuton Tezo], gz2 “Tel 

poyyey "ON WO4T "ON Sms Ty 
1Soy uoT ye yUssSolg uoTyeyUuseselg 









TeTnqe |] 


Teorydesy 


€°96 


5°66 
5°66 
5°66 
S°66 


ae he ae 


0062 
TH6L 
On6L 


SUTUIOD 


A£y4s010g ¥52° 
£yTsolog ¥0°€ 
Aytsolog ¥9°2T 
€o%s9 © 9T* 
€o%29 Liz 
£029 gle 
0249 YOT°T 
Eq%19 Yoe*T 
Eofap Yegtz 


f0%20 Yati"9 
HaTYOUu 
€tel-va 
€O9-V1 

U0zLOH 

goedtequt 


UoTyYeUustseq eper 


Se 
G2 


on 
ot 
2 


of 
on 
TI 


on 


LT 
TT 


gousTte sey 


petsTy 
eukpyeyo0y 
SOOO 


kq 
peqsel, 


pers ly 
euspyeyxooy 
S1009 


TOL 
O9T 


6ST 
qeay oTypoedg 


VITTAda 


aug . 
ote 
Tz 


AQTATSSTWY 


ate 
Liz 
92 
st2 


FEATSNIITA Teuroyy 


Tez 


LOT 






UoTSuedXG Teu.tey I, 





pouyon 
489], 


T6T 
O6T 
49T 
68T 
get 


YEATJONpuoD TeULLEU] 





°ON WO4T 
uot yeyuesarg 


reqnge], 


LTT 
LTT 
9TT 
LTT 
LTT 


"oN SmnsT A 
UoOTLeYUesSol 


Teo Tydety 


96 


OOT 


€°96 


€°96 


quengtysu09 


uTen x 


967d 
96-da 


s.i00p 


Teo) peweo7 YNO 


yseQ dtts 


MINN 


0062 (4004)) 


ot62 


suTusog 


JTeeTO peweoqd YNN 


4qse9 dtts Nn 
TH6L 

OnéL SUTULLOD 
0064 (004) 
On6L SU TUILOD 


TeeTO poweoy JNA 


4889 dts 


MNO 


0062. (1004) 


TN6L 
Oné6L 


au TUuLog 





uoTyeustseq epezy, 


103 


65 
6 
65 


9€ 


gouereyoy 





redToyl 


uoqsuTYSeM 


SN 
AreBury 
AxaZury 


redzoayl 


- 


peysel 


Tertzo0eds 
Terzoaedg 
TeyOL 
TeIOL 
TeOL 


I9{oulo4,e TIT 
eatyuddeg 


6€2 
Lee 
gee 
9€2 
SES 


kypATSs wy 


ood 
Tee 
022 
fo 
Ta 
LT2 


Set 


Set 
TAI 


SET. 
SET 
SET 


TET 


UoTsuedxy TeuLtou 


MOTI }e°H 


Teutpny uc, 


ayes Apeojg 
MOTA FEOH 
oat  e.Tedueg 
MOTH Fe°H 
SAT TB.Leduoy 
MOTT 
yeoH TeTPey 








poyyon 
4891 


Qé6T 
L6T 
96T 
S6T 


{TAT PONpUOD TeULOY], 





*oN WeqT 
wuoT}e4Ueserg 


TeTNge lL, 


StL. 
STL 
STI 


STL. 








"ON Bans Ty 


uoT}TeyUsSeLy 


Teotyde.rn 


g6 
OOT 


3°96 


asuep z9°Z 

esuep TO°E 
esuep 

99° S~L°% 


5°96 





quenytysu09 
uTen ¥ 


dS unfTTAreg ysnag 


INN. 


dS um{tT[Té1Og’ ysntg 
dS umnyt{Téseg Yysnig 


96~-dd 
g6~dd 


MINN 


$1009 


unt TAteg ysuig 


iol, 


INN 


ANN 


wnETTAreg ysnag 


XNA 





UoTYeUsTSEg Sspezy, 


Te 
TE 





eousreyey 


BUTUIOD 


suTutop 


SUTULIO) 


xq 
peysey 


Tezyoedg Teuton 
¥ 
Teuton Te }OL 


MDO 


Me 7 L@T 
ete Lev 
04% “OTT 
6N2 SEL 


AyTATSNyITG Teutoy] : 





poyeTnoTeg 





L6S-TSEO WLS 





pouyen 
1801 


4 


qTAT}ONpUCD TeULeyyT 


UOTSUGeXY Teu.leyy, 


€22 = 


€6T ~ OTT 


L9T gOT 
99T got 


yeoy OTFpoedg 





"ON wWozt * On mata quan} TpSu0p 
uUoTyeJUSSeTY UOT TeYUesoTg UTeW % 
we Tnge I, Teotydery 


WVWMouAd 





g096 
9096 


g096 
9096 


9096 
9096 


9096 
9096 





uoF,eUusTSseq SpE. 


Su tuto) 


SUTUIO) 


—BUTUuIOD 


suTuto) 


SUTULIOD 


105 





aoueteyey 


red opt 
zedToy 


. ced Toy 


zedToy{ 
zedjten 


redToay 


£q 
peysel 





692 = 66 
88e OST’ 66 
L982 OST 5°66 
982 611 5°66 

DTUOg S92 6'L 5°66 

oTU0s Nee 6TT S°66 

oTzey S,UOSssTog = snTNpoy] zeeyg ~ sn TnpoW gsunox 
L192 6€T G°66 
99¢ 6ET 5°66 
S92 = 58 
T9¢ 16 
€92 96 
09d = 66 
T9¢ - 66 
092 GET 5°66 
YASUIIYS STTSusl 
652 = S6 
gS2 = 9° L6 
152 7 5°66 
95¢ . 59° 66 
952 = S8 
1S2 = 16 
€S2 = 96 
a2 = 66 
TS2 = 5°66 
y4ydueryg eatsserduog 
pouy,en oN WO4T *ON SandTy qUu9eNnzZT}StI09 
qSo] UoTLEAUSSeTg uUuoTAequsesolg uTen % 
reTngeL Teotydety 
VNINNTV 











LHVHO YOLVOOT SHILuddoud TWOINVHOUN 


66 


566 
S66 
566 
566 


966 


22222 222298 


a2aaaadda 


S100) 


WOPTON 
eoediequt 


g.L009 


od som 


SLOOQ 





uot}eusTseg espe, 


106 


6E 
6€ 
6€ 
6€ 
S2 
S2 
G2 


goualesey 





suputoey) 


zed Toy] 
redToy{ 
zed oy 
redToy 


zedjayy 
redo 


zredToyl 
zredToyl 
zedjtoy 
red Ten 


£q 
peqse] 


BuTpeoy 


qutog eTsuTs LOE gir . TH6L  Bututop 


qutod t/T 
qutod t/T 
qutog t/T 
qutog T/T 


qutog 1/T 
qutog t/t 


otuog 
oTuog 
oTuog 
oTuos 





pouyey 
483], 


yqsuer}g TemxeLy 











VOITIS qusna 
€9z = 0° 56 oot IW 
292 a 9°16 Oo€ 
Tee = 5°66 566 ‘TV 
oge = 59°66 600T ‘TV oss0M 
6L2 TTT S° 66 
gl2 tT G°66 uoVION 
LL2 TTT S*66 
91z TTL S°66 eoed.1equt 
Sz = 0°S98 Sg dav 
Tz - orn n6 av ts 
€L2 = 0°96 96 W 4 
zlz StL 0°66 66 QV 
TLz = 0°66 66 dV 
O12 THT 5°66 S66 av 
692 TTT S°66 S66 dV 
992 tT 5°66 566 av s.1009 
yywuerys Teanxepy 

L62 6 a" 66 
962 étTL 5°66 u0PLON| 
S62 61 _ 2°66 
1162 6tIT S°66 eoed.tequt 
€62° - S8 Sg av 
262 - 16 16 dv 
16z - 96 96 dV 

*onN We4T *ON OanstTy yueNgTysuog UoOTYeUusTSseq ope. 

uoTyequesetg uoTQZequosetg UTeH % : 
reTnge L, Teotyudery 


QT redT oH . Toe ont 9096 





QT redTeyl €O€ Zur 9096 weleoor1kg 
Yyqsuelyg eTTSuel, 
WVusoouAd 
ae 662 - 96 96 da 
ae o0€ - 96 96 dd $1009 





SUTApoW S$, Sunoz 


G2 662 OTL 96 96 da 
S2 Oo€ Our 96 96 ad S.1009 








qysueryg TemmnxeTy 


2 
“~ 
108 


d 96z ONT OOT SLOO) © 








y4suelyS eT Tsusl] 


oO€ snosueT LOS TH 
G2 662 = 96 | 96 ad 
S2 OO€ - 86 gé dd 

62 g1009 





y4suat1g BATSSeLWOg 


VITA 


TL oTUOS LO€ 6STS EST. Th6L sututop 


i 


OTyeY S,UOSSTOg — SNTNpoW seeyg —- snTNpoW §,sUNO0, 




















Voua.Te yoy iq pours ®ON Wed °ON OMMSTA  YuenypTysuop UOT}JBUDTSS Spety, 
pei1sel 480], uoTJeyUuesSeIg wUwoTPequsesetd uten % 
reTngeL Teotudety : 


= oa _ Meo SS Te RE oa 1 ' Lb >. Oe : A } = « 


T9 


62 


TL% 9 


gt 


equate yoy 








su TUIO) 
red ay 
redjley 


suTULOD 
ztedToeyl 
red Tey] 


Eq 
pezyseod 


90€ oot SST 


snTnpoy] Teseug = sn [npoy] s,2unoz =~ yysuea4g eaTsserdwog — YYsueIT1g eTTsus], 


(€o@tvo2w) TaNTds 


So€ LSTSTSTSTNE 





sn~npoy] Tesyg = sny[Npop| s,sumMoz — yysuer4Sg eT Tsue] 


(O08) VISSNOVW 


eouRUuoseYy OTUOS Z20€ eSL 
ooueuosay oOTUOg - - 
eoueuosey oTUOg TOE 2ST 


OTVBY SyUOSStog = snTNpoW Tesug — snqtnpoy s,sunoz 


ZOE 
€OE 
TOE LL ‘ 
uqsuet4s Teanxe ty 
pouzyeh "ON wWe4t °ON SuMsty yueNn4TIsuoD 
489], uoTYe4UeSseTg uot Te\Usesetg | UTeH ¥ 


repToqey, Teotydery 


9096 
9096 
9096 


9096 
9096 
9096 


— UMOUU) 


UMOU{UY 


wetss01h gy 


wereoorkg 


uot eUsTSeg Spey, 


109 


SECTION A 
GRAPHICAL DATA 


LEGEND EXPLANATION FOR GRAPHICAL PRESENTATIONS 


Each graph of dielectric constant and loss tangent has a legend 
describing the individual material curves by (1) manufacturer, (2) 
per cent main constituent, (3) testing agency, and (l) test frequency, 
in that order, The numbers on the individual curves correspond to the 
numbers on the legend, 


The information on the thermal and mechanical properties graphs is 
limited to manufacturer and material, 
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Figure 18 
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Figure 22 
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Figure 28 
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Figure 33 
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TABULAR DATA 
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Item 
No. 


‘DIELECTRIC CONSTANT &LOSS TANGENT 


Trade Designation Constituent 


Albercx Corp. A962 


American Lava 61) 


American Lava 61) 


American Lava 61) 


American Lava 719 


American Lava 


American Lava 


ALUMINA 
% Main ; Dielectric 

Temp °F, Constant 

- "78 9.09 
200 9.15 

00 9,29 

800 9.53 

1200 9.83 

1,00 10,02 

96.0 78 9,31 
200 9.39 

loo 9.56 

800 9.8h 

1200 10.25 

1600 10.72 

1800 11,00 

96.0 78 8.51 
00 8.65 

800 8.88. 

1200 9.27 

100 9.55 

96.0 78 8,60 
1,00 8.93 

800 9.25 

1200 9.72 

1400 10,00 

9.0 78 9.00 
200 9.07 

4,00 9.21 

800 9.148 

1200 | 9.81 

1600 10.27 

1800 10.68 

9.0 78 8.05 
‘00 8.20 

800 8.38 

1000 8.48 

94.0 78 8.25 
),00 8.30 

800 8.40 

1000 ~w 8,63 


ast 


Loss 
Tangent 


200065 


-.00070 


» 00080 
200170 
00380 
200600 


00080 
200095 
200125 
200200 
0003,0 
200590 
00825 


»00070 


200290 


.00095 
200085 
00075 
00070 
.00105 
00350 
01000 


200130 


«00070 


Freq 
Ge 


3,87-3.67 


3.53=3. Le 


10 


3.67=3.LC 


on. 


Item 


No, 


8 


10 


11 


12 


13 


American Lava 


American Lava 576 


Carborundum 152 


Coors AD995 


Coors AD99S 


Coors AD99 


@ Main 


9h.0 


85.0 


96.0 


9905 


9905 


9900 


258 


78 
4,00 
800 

1200 
11,00 


78 
200 
),00 
800 

1200 
1600 
1800 


18 
200 
00 
800 

1200 
1600 
1800 
2000 


78 
200 
1,00 
800 

1200 
1600 
2000 
2,00 


78 
00 
800 

1200 
1600 
2000 
21,00 
2600 
2700 


78 
200 
),00 
800 

1200 
1600 
2000 
21,00 


8.2 
8.65 
8.83 
9 630 
9.60 


8.18 
8,23 
8.37 
8.62 
8.96 
929 
Pade 


9.20 
9,28 
9043 
9.72 
10.14 
10.6) 


11.20 


9.63 
9675 
9.97 
10.35 
10.76 
11.18 
11.59 
12,06 


9.62 

9,83 
10.09 
10.2) 
10,61 
10.87 
10.11 
11.26 
11.3) 


9,66 

9.78 
10.03 
10,28 
10h 
10,81 
1,09 


Dielectric 


Trade Designation Constituent Temp OF Constant 


- 


Loss 


Tangent 
200220 


200120 
~OOLLO 
200160 
200210 
~ 00340 
-00420 
200430 


20008 
2 000h9 
200055 
200120 
200130 
200260 


20030 


e91000 


200008 
«00009 
eQO011 
200020 
200025 
2000h7 
200083 
200190 
200021 
200023 
»00027 
200037 
200050 
200100 
00250 
201000 


00022 
200023 
-0002h 
200028 
200034, 
20008 
200105 
00325 


Freq 
Ge 


10 . 


3.6 19-3. S7 


3083~3 047 


3.80-3.33 


90375 


90375 


Item % Main Z Dielectric Loss » Freq 
No. Trade Designation Constituent Temp ~F Constant Tangent Ge 


1h Coors AD99 99.0 78 97 2.00020 =. .13-3.71 
200 9.56 200021 
400 9.70 »000 23. 
800 9.97 2000 25 
1200 10,29 ~00030 
: 1600 10.63 0080 
; 2000 11,420 200220 
2h00 141 h7 201000 
15 Coors MC201h - 78 92 -0003h  3,86~3.58 
200 949 00035 . 
1,00 9.61 200036 
800 990 .000,3 
1200 10,21 -00060 
1600 10.59 | 200120 
1800 10,81 ° 00170 
16 Coors RR -~ 18. 9.2 000022 3.93.72 
200 9.50 » 00030 
4,00 9,60 -00Q)0 
800 9,88 e 00085 
1200 10.19 200295 
1,00 10.36 200625" 
17 Diamonite P-3142-1 95.0-97.0 78 9.18 200065 = 33.6 7=3.38 
200 5.25 00063 
),00 9.39 200062 
800 969 .00085 
1200 10.08 200270 
1600 10.52 - 0060 
1800 10.82 201000 
18 Diamonite B-890-2 90.0-95.0 78 8.74 200115) = 33. 73-3 hs 
200 8,81 200115 
4OO 3s «895 .00120 
800 9.20 20015 
1200 9651 200,250 
1606: 10.00 200600 
1800 10,30 «01000 
19 Diamonite P-3662 85.0-90.0 78 8.0 200150 =. 3. 823. 53 
200 8.7 20010 
4,00 8,60 20012 
800 8.88 200180 
1200 920 -00350 
1,00 20090 
1600 9.56 200520 
1800 9.80 201000 
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Item 


No, 


20 


el 


22 


23 


2h 


25 


26 


% Main 


G.E. Lucalox ~ 78 
200 

00 

800 

1200 

1600 

1800 


GE, Lucalox - 78 
200 
00 
600 
700 


Interpace TC352 99.0 . 78 
200 

00 

800 

1200 

1600 

2000 

2),00 

2600 


Interpace T0352 99.0 78 
500 

1000 

1200 


Interpace TC351 97.6 78 
500 

1000 

1200 


Minn.-Honeywell A203 95.0 78 
200 

00 

800 

1200 

1600 

1700 


Minn.-Honeywell A127 85.0 78 
200 

00 

800 

1200 

1,00 


260 


1 Dielectric 
Trade Designation Constituent Temp °F Constant 


10.00 
10.10 
10.25 
10.55 
10.86 
11.15 
11.37 


10.02 
10.15 
10.37 


10.5h 
10.63 


9.50 


ee o 
mMnmr 


ODMDMOIA WOOWDOD MDD Wome 
es 

ONWHwWOO woOoOrmaHPOoO~aMm Oak p 

CO MO nm OF O ODA OO 


Loss 


Tangent 


- 00030 
00070 
-00190 
~00350 
0060 
.00500 
20005 
» 00099 
.00235 


«00500 
«01000 


e00019 
OOdly 
.00020 
. 00021 
~ 0002), 
00030 
0004), 
00120 
00380. 


. 00030 
.Oo@)ho 
.00080 


.00070 
.00135 
00250 
00345 


200097 
00101 
200135 
290230 
200,25 
00800 
501000 


200162 
200165 
200180 
-00230 
000355 
00530 


Freq 
Ge 


9-375 


3073.00 i 


9.375 ; 


9.375 


"9.375 


3.77-3.51 


4.05-3.77 


Item 


27 


28 


29 


30 


32 


32 


National Beryllia 
Alox 


Norton 


Norton 


Silk City SC98D 


Silk City SC85D 


U.S, Stoneware 610 


% Main 


98.0 


85.0 


990 


78 
200 
00 
800 

1200 
1600 
2000 


78 
200 
100 
800 

1200 
1600 
2000 
21,00 


78 
200 
400 
800 

1200 
1600 
2000 
200 


78 


' 200 


261 


1,00 
800 
1200 
100 


78 
200 
100 
800 

1200 
1,00 


78 
200 
400 
800 

1200 
1600 
2000 
2200 


- Dielectric 
No, Trade Designation Constituent Temp °F Constant 


Gell 
917 
- 932 
9.60 
9.9 
10,30 
10.71 


9057 
9.63 
9.80 
10.06 
10.37 


10.71 


11.06 
11.35 


9 30 
9oh2 
9255 
9.62 
9.10 
9275 
982 
9295 


Bobi 
8.50 
8.60 
9,08 
59.58 
9.79 


Toth 
Tol2 
7o0?2 
79k 
8.52 
8.90 


9oh3 
9.50 
9.66 
9096 
10.30 
10.62 
11,30 


11.27 


Loss 


Freq 


Tangent Ge 


200017 
200020 
200035 
200077 
200175 
00320 
20060 


00058 
200078 
200035 
» C009 
200099 
00290 
201000 


200050 
200300 
202700 


000120 
200100 
.00098 
200097 
200220 


3,64-3.33 


3-45-3418 


8.5 


or less 


Lo 


200800 | 


00078 
00070 
00065 
00200 
01500 
03000 


00008 
200015 
200025 
200030 
200050 
200140 
-00),25 
00790 


ho 


3.60=3,.29 


Item 


No. 


33 


3h 


38 


36 


af 


38 


U.S. Stoneware A312 


U.S. Stoneware A212 


U.S. Stoneware A216 


U.S. Stoneware 


AL=-STD 


Wesgo AL1LOO9 


Wesgo AL995 


¢ Main 


96, 0+ 78 
200 

00 

800 

1200 


96.0 78 
200 

00 

800 

1200 

1,00 

1600 

1800 

2000 

2200 


85.0 78 
200 

00 

800 

1200 


- 8 
200 
1,00 
800 
1200 
1600 
1800 


99.85 78 
200 
00 

800 

1200 

1600 

2000 

2),00 


200 
hoo 
800 
1200 
1600 
2000 
2300 


262 


Dielectric 


Trade Designation Constituent Temp CF Constant 


8.7 
8.50 
8.62 
8.85 
9.20 


8.65 


8.70 
8,81 
9.06 
9.10 


9.78 


10,20 
10.48 


OE AM AL ® co 


OOWOO0 DM ro 
e . 
WeEAErE ONO 


PR 
e e e 


OO OO 00 10 
o 
Nh © mo 4 
WwW Wyn 


Pe 
Pe 
—“—) 0 CO 


° 
Ww 


\O SO SO SO 
ar) 
We mr 


Pe 
oo 


10.8) 
11.22 


Loss 


Tangent 


.00080 
. 00090 
-00130 
«00300 
200875 


0005); 
°00070 
.00125 
-00325 
200510 
.0000 
200265 
.00378 
.00700 


.00202 
.0021) 
00235 


200305 


.00850 


-000)7 
~00052 
00080 
200135 
.00250 
200525 
201100 


00009 
200021 
200020 
200035 
00070 
200150 
00270 
200550 


00021 
00022 
00025 
00035 
00070 
00135 
00285 
20079), 


Freq 
Ge 


3081-3465 


3. 77-3 20 


3.83=3.66 , 


3237-3.05 


3-55-3225 


3657-331 


Item 


No, 


39 


ho 


2 


43 


uh 


Wesgo AL995 


Wesgo AL995 


Wesgo AL300 


Wesgo AL300 


Wesgo AL00 


Miscellaneous 


% Main 


99.5 


99.5 


97.6 


78 
200 
00 
800 

1200 
1600 
2000 
2,00 


78 
500 
1000 
1200 


78 
200 
00 
800 

1200 
1600 
2000 


78 
500 
1000 
1200 


78 
200 
},00 
800 

1200 
1600 
1800 

78 
200 
00 
800 


1200 


263 


Dielectric 
Trade Designation Constituent Temp °F Constant 


9.6 
9.52 
9.64 
'9,88 
10.15 
10.42 
10.73 
1.60 


8.80 
8.98 
931 
9oh7 


946 
952 
9.66 
9092 
10.27 
10.65 
1.6 


8.30 
8.8 
8.76 
8.88 


9.19 
9025 
9039 
9.62 
9.94 
10.17 
10.59 


9.60 
9.70 
980 
10.0), 
10.25 


Loss 
Tangent 


.00021 
.00022 
00023 
00027 
00039 
.00080 
2.00250 
0090 


00050 
00085 
200395 


90050 
200050 
200051 
,00065 
200095 
eQO0170 


200056 
200076 
200096 
200123 


200072 
-0007), 
200077 
.00090 
20010 
200300 
.00600 


2000!:9 
200052 
200063 
e0O11L0 
20050 


Freq 
Gc 


9.375 


96375 


36 53-3 o19 


92375 


3 ° 61-3 o3h 


8.5 


Item | % Main G8 Dielectric Loss Freq 
No. Trade Designation Constituent Temp °F Constant Tangent Gc 


45 Miscellaneous 99.0 78 8.443 8.5 
200 8.48 
00 8.57 
800 8.74 
1200 8.91 000050 or less 
1600 9,08 200090 
2000 9225 »00630 
200 9.37 201730 
46 Miscellaneous 99.0 78 8.90 8.5 
200 8.95 
“4,00 9.05 
800 9425 
1200 eS 
1600 9.60 200050 or less 
2000 9.80 200350 
2):00 10,00 20100 
hi? Miscellaneous 96.0 78 8.443 8.5 
200 8.50 
00 8.61 
800 8.78 
1200 8.93 200050 or less 
1600 9,08 00170 
2000 9.24 200670 
2,00 9229 001500 
48 Miscellaneous 94.0 | 78 8.26 8.5 
200 8,28 
00 8.30 
800 BS 
1200 8.70 ©00050 or less 
1600 9,00 00250 
2000 9.30 © 01500 
21,00 9.72 »06000 


26), 


Item _ 
No. 


hg 


50 


52 


53 


DIELECTRIC CONSTANT& LOSS TANGENT 


Trade Designation Constituent Temp OF Constant 


American Lava 75) 


American Lava 75) 


American Lava 735 


American Lava 735 


Atomics Int!1 


Beryllium Corp. 
Berylco 


265, 


BERYLLIA 
% Main Dielectric 
99.5 78 6,07 
00 Belk 
800 6,22 
1200 6.39 
1,00 6.h9 
99.5 78 5099 
},00 6,03 
800 6.18 
1200 6.)2 
1,00 6.59 
98,0 78 6.0) 
00 6.0) 
800 6.13 
1200 6,32 
1,00 6.1 
98.0 78 6,07 
4,00 6.12 
800 6.22 
1200 6.2 
1,00 6.63 
99.0 78 7025 
200 7029 
— oo Te38 
800 7.60 
1200 7.90 
1600 8.23 
2000 8.61 
2,00 9.09 
2600 9.42 
99 ef 78 6. 
500 6.63 
1000 6.89 
1200 6.88 


Loss 


Tangent 


200010 
200010 
200010 
©0001) 
000 29 


~00320 
-00 396 
001,90 
200 580 


00010 
200010 
00010 
200017 
000 38 


2 00,50 
~00 500 
200 520 
200 560 
20060 


20009 
.000))8 
»000))6 
000) 
0006 
00050 
00060 
200105 
00210 


00252 
00150 
200215 
200 530 


Freq 
Ge 


10 


25 


10 


25 


9.375 


90375 


Item % Main Dielectric Loss Freq 
No. Trade Designation Constituent Temp OF Constant Tangent Gc 


55 Brush Beryllium 99.5 Ambient 6.147 e001) 10 
F-1=7 600 6.95 20019 
1200 7.26 20019 
1600 Tei? «0019 
2200 8.36 ,0062 
2600 8.75 0023 
3000 9,21 -0103 
56 Brush Beryllium 99.0 Ambient 6.13 20011 10 
B-6-11 600 -, 6,26 0011 
1200 6.57 20016 
1600 6.76 20026 
2260 8.08 Oks 
2600 7.80 20252 
3000 ~ 8.9 20338 
5? ~=Brush Beryllium = 78 6.66 °00150 10 
B~7 ),00 6.83 200172 
800 7206 200185 
1200 7.30 200190 
1600 7270 200 230 
2000 8.07 -COhOO 
2,00 8.60 -00800 
2600 8.96 200960 
58 Brush Beryllium... - - Ambient 6.28 20010 10 
F=1-10 _ 600 6.0 20012 
1200 6.70 .00 20 
1600 6.97 0011 
2200 7085 20072 
2600 8.36 000), 
3000 8.7h 200 27 
59 Brush Beryllium F-l-7 99.5 78 6.80 200032 . 2323675 
200 6.82 2000 32 
),00 6.92 200033 
800 7.13 200035 
1200" 7.81 200120 
1600 7096 © 00270 
1800 8,05 »00383 
1900 - 200386 
2000 8.14 200350 
21,00 8.5) 200750 
2600 8.82 201000 
266 


Item a . 
Trade Designation Constituent Temp °F Constant 


60 


61 


62 


63 


6h, 


Brush Beryllium 
B=6 


Brush Beryllium 


Brush Berylliun 


78 
200 
00 
800 

1200 
1600 
1800 


78 
200 
},00 
800 

1200 
1600 
2000 
2,00 


78 

209 
00 
800 

- 1200 
1600 
2000 
2,00 


78 
200 
00 
800 

1200 
1600 
2000 
2,00 


78 
200 
4,00 
800 

1200 
1600 
2000 
2,00 
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e e o 
Oar 
Eo 


© ¢ © @ &® © 2° 
SN & 


oe °o e e e o e 


e oe oe ¢ oe o 
FONE POOm APVERPOYS TP OAWwOoNn 


OWOWOUH® wrMNEMNPOn WwWnorEe 


eo @ ° ° ° 
\o © 


ODNDVIAAN DOAIATNATAAO DWOAIAIAINAANA DWOAIAIANN AO On~wI~) 
won 


XO APoOMwNND 


Loss 


Tangent 


200083 
.00080 
200075 
200075 
200115 
200 2))5 
-00h00 


00050 
0005) 
00065 
00110 
00180 
00265 
200,00 
00930 


00036 
200035 
00036 
000h9 
200095 
200175 
.00 300 
01000 


0007 
0000))8 
00050 
200053 
00060 
° 00107 
200265 
00820 


00052 
53 
Su 
67 
73 
2 00143 


20 
455 


Freq 
Ge 


IpelySel. Ob 


lis 53=3.92 


90375 


90375 


Item 


No. 


65 


66 


67 


% Main 


National Beryllia 99.0 
Berloy 


National Beryllia = 
Notes: Cold 
Pressed & 
Sintered~ 
High Purity 
Beryllia 


Miscellaneous 99.5 
Hot Pressed 


78 
200 
4,00 
800 

1200 
1600 
2000 
21,00 


78 
200 
00 
800 

1200 
1600 
2000 
2200 


78 
200 
00 
800 

1200 
1600 
2000 
2200 
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Dielectric 


‘Trade Designation Constituent Temp.°F Constant 


6.60 
6.66 
6.75 
6.95 


9° ° 
ESAs 


DOAIAIANAAO On~~I~ 
e ° ° ° ° 2 ° 

Wr awonaaw 

-POWLYTSO VM OO 


e a o e 


SIR AXAAXD 
WN Oa Wm 19 
OmMOMnMW Oo 


o 


Loss 


Tangent 


20005) 


200055 
200056 
200058 
» 00061 
.00068 
200080 
»00130 


2 O00kk 
~000}2 
2000k0 
.00050 
200100 
200180 
200350 
monke)ite) 


e OO.L00 
200120 
200226 
200280 
201050 
203900 


Freq 
Ge 


9375 


3.87=3.1Ly 


8.5 


DIELECTRIC CONSTANT & LOSS TANGENT 
BORON NITRIDE 


Item % Main , Dielectric Loss Freq 


No. Trade Seaiguaticn Constituent Temp °F Constant Tangent Ge 
68 Carborundun - 78 8.5 
200 
1,00 4e55 
800 Wels 200060 
1200 hel2 2001)0 
1600 4.50 200370 
2000 1.68 00950 
2200 4.80 201360 
69 Carborundum - 
Electric 78 | 4.1400 O00L2 = 9.375 
field perpen- 200 . hehOs .00012 
dicular to 00 ell3 200013 
molding pre= 800 4.430 »00018 
ssure 1200 hess »00030 
1600 we92 «00083 
1800 e525 .OO017S 
70 Carborundum - 78 e777 200033 = § 08-99 
200 4.780 .00033 
00 4. 788 20003) 
800 802 20000 
1200 4.826 000090 
1600 4.850 20010 
2000 e878 .005%,0 
TL: : : = 78 Se 120 0001); 083-077 
Electric 200 5.120 »QO00LO0 
field par- ),00 52120 20008 
allel to 800 ~5ol23 »00008 
deposition 1200 5.135 »Q00LK 
field 1600 5.160 200016 
2000 5.193 «<,00005 
200 52233 200028 
269 


PYROCERAM 
Item % Main o. Dielectric 
Noe Trade Designation Constituent Temp F. Constant 
72 Corning 9606 -------- 78 5 810 
200 5 826 
00 5 062 
800 5.923 
1200 52997 
1,00 6.00 
73 Corning 9606 --=----- 78 5 65 
200 5 067 
‘ hoo 5672 
800 5679 
1200 5 8h 
1600 5690 
2000 5097 
7h Corning 9606 w------= 78 5 63 
200 5 263 
‘00 5 63 
800 065 
1200 572 
1600 579 
2000 6.03 
75 Corning 9606 -<------- 75 55 
1500 5 eT 
2000 
76 Corning 9608 -------- 78 6 65h. 
200 6.55 
),00 6.60 
800 670 


DIELECTRIC CONSTANT & LOSS TANGENT 


less 
Tangent 


000031 
200033 


20009 3 


2001),0 
-00370 
200570 


2000019 
.00021 
.00031 
. 00095 
200360 
20100 
201380 


000030 


000150 


00068 

80 
00101 
20250 


Freq 
Se 


o58o 8 


95375 


10 


10 


mm mH HE 


DIELECTRIC CONSTANT & LOSS TANGENT 


SILICATES 
Item % Main ‘ “- Dielectric Loss Freq 
Noe Trade Designation Constituent Temp oF Constant Tangent Ge 
77. «American Opticals -------- 400 3090 10 
Amersil Commercial 800 3.930 20000 
1200 32925 .00050 
1600 3.920 .00075 
2000 3.910 200230 
2,00 3900 °00),80 
78 American Optical- =----2- | 78 3.710 000027) = 55 650-5635 
Amersil Trans lucent 200 3.721 -00026 
; 00 3o7h5 .0002), 
800 3.782 200030 
1200 3.82) 200055 
1600 3.866 200120 
2000 3.910 20000 
79 American Optical- .-------- 78, 3.818 | .00015 5.50=5.37 
Amersil Clear 200 3.822 0001, 
oo 3.836 - 00010 
800 . 3.861 - 00008 
1200 3.890 200005 
1600 3.918 .00025 
2000 3.948 » 00090 
- 2,00 3.975 200165 
890. Corning 7900 96.0 78 3.80 200065 10 
200 3.78 200072 
Oo S307 .00085 
800 3077 2001),8 
1000 3477 200195 
81 Corning 791 fenecesae 78 3.380 000050) 55. 90=5 076 
Some |, 200 3.388 200062 
Sintering ele 3 410 200065 
800s 3 oy - 00080 
1200 348) 20010 
1600 352k 200260 
2000 3.566 -00),80 
82 Corning 790M areen-=- 78 3.400 00000 = 9.6375 
200 3.04410 -00038 
oo . 3 0427 200040 
800 3 o59 006); 
1200 3 486 000130 
1600 3 2509 200230 
1800 3.521 200285 
Oth 


i 


Item 


83 


8h 


85 


86 


87 


88 


Corning 915C 


Corning 


Georgia Tech 
A-69],-12 


Georgia Tech 
A-69),-13 


Georgia Tech 
A~69=1 


Georgia Tech 
A~69=2 


% Main 


pe ge 78 
200 
},00 
800 
1200 
1,00 
1600 
1800 


ace cee ea 78 
200 

oo 

800 

1200 

1600 

2000 

24,00 

2600 


Pure Silica ‘Ambient 

Glazed S500 

20 seco 1000 
1500 
2000 
2500 


Pure Silica Ambient 
Hand glazed 500 


1000 
1500 
2000 
2500 
eaewere> 8 = Ambient 
Cro0, added 500 
to slip 1000 
before 1500 
casting 2000 
oeecwons Ambient 
N:O0 added 500 
to slip 1000 
before cast 1500 
2000 
272 


Dielectric 
Noe Trade Designation Constituent Temp °F Constant 


38h 

3.851 
3.867 
3.897 
3 0923 
3931 
30935 
3 0932 


3057 


Loss 
Tangent 


200010 


200010 
00011 
20010), 


200005 
00009 


. e00019 


20002), 
.00015 
.0O01l 
00020 
-00020 
0002) 


00023 
,0018 
-002) 
- 0036 
20055 
20090 


20031 
.0017 
2002) 
0033 
20061 
29092 


20030 
20035 
20067 
oO) 
2 OL65 


00028 
» 0026 
20033 
20070 
00134 


' Freq 
Ge 





9375 


10 


10 


90375 


9.375 


Item 


89 


90 


91 


92 


93 


9h 


95 


Georgia Tech 
A~69),23 , 


Georgia Tech 
An69)-6 


Georgia Tech 
A=69))=7 


Georgia Tech 
A~69),=8 


Georgia Tech 
A-69,-9 


Georgia Tech 
A=96],-10 


Georgia Tech 
Keb 9h=11 


% Main 


Cast from 

pure Silica, 
then impreg 1000 
nated with 1500 


Ambient 


Cry 03 2000 
sence =n Ambient 
Gre03 added 500 
to slip .. 1000 
before cast- 1500 
ingo 2000 
Unglazed 2500 
eas — Ambient 
Cro0, added 500 
to stip 1000 
before. 1500 
casting 2000 
Glazed 10 sec 2500 
SSshe=s> Ambient 
Cr00 added 500 
to slip * 1000 
before 1500 
casting 2000 
Glazed 20sec 2500 
woes ees Ambient 
Cro03 added 500 
to slip 1000 
before 1500 
casting 2000 
Glazed 30sec 2500 
20 2b a0 mow oo = Ambient 
Cr50 added 500 
to slip 1000 
before cast=- 1500 
ing Hand 2000 
glazed. 1 min 2500 
till smooth 
Pure Silica Ambient 
Unglazed 500 
1000 
1500 
2000 
2500 


273 


Dielectric 
Noe Trade Designation Constituent Temp. °F Constant 


3044 
3 elk 
3022 
3.26 


Loss 
Tangent 


20263 
00025 
0031 
©0093 
00227 


00007 


01371 


Freq 
Geo 


90375 


90375 


90375 


90375 


90375 


90375 


96375 


_ Item Main Dielectric loss Freq 
Noe Trade Designation Constituent Temp °F Constant Tangent Ge 


96 General Electric -------- 78 3.817 200010 = 6.10-5.97 
101 200 3.850 00010 
: 400 3.058 00011 
800 3.870 00013 
1200 3,882 .00C25 
1600 3.903 00070 
1800 3.91, 200175 
ghee 2000 32933 «00590 
97 Miscellaneous = -----==- 78 3673 200200 
200. 3.73 00127 
)00 3.73 00125 
800 3.73 00210 
1200 Iei2 -00),37 
1600 3675 «00795 
2000 4.18 201020 
21,00 4.68 «01070 
98 Miscellaneous -~------ 75 3.17 0002 
1500 3.18 .0006 
2000 3.28 -0070 
2500 3.2 0120 


27h 


DIELECTRIC CONSTANT LOSS TANGENT 
MAGNESTA 


Item % Main 


No. Trade Designation Constituent Temp °F. Constant 
99 Minn,-Honeywell = 


100 BAC eee 
Loss tange 


less than . 


eOOOlL from 
10°F to 
1850°F 


78 
200 
is00 
800 

1200 
2000 
21,00 
2800 


78 

nt 200 
oo 

— 800 
1200 
1600 
1800 


275 


9.65 
9.10 
917 
996 
10.26 
11.05 
11.55 
12.10 


9.50 
9 58 
Goll 
10,08 
10.39 
10.67 
10.81 


Dielectric Loss 


Tangent 


200015 
-00010 
<.00005 


<,00005 - 


<.00005 
00048 
.00165 


~ 00900 


<,000L 


Freq 
Ge 


3438~3,02 


9.375 


SPINEL 
Item % Main Dielectric 
No. Trade Designation Constituent Temp F Constant _ 

101 BAC omnes 78 8.25 
200 8.30 

00 8 oli 

800 8.70 

1200 9,07 

1600 9.50 

2000 10,00 

2h00 10.57 

SILICATES MISC. 
102 Steatit-Magnesia AG ~m<0 78 6.685 
Frequenta M 200 6.730 
hoo 6.830 
800 7.020 
1200 7250 
1,00 7 0350 
_ ADHESIVES 

103 Interpace --- 78 5 elt? 
500 6 .03 

1000 6.73 

1200 6.66 

104 Narmead 110 anne 78 5 86 
500 6o02el 

1000 6.79 

1200 6.93 

105 Narmead 120 wane 78 6.17 
500 6.9 

1000 Tol 

1200 7016 

106 Pycard 500 anne 78 6.10 
500 6.05 

1000 6.12 

| 1200 6026 

107. Pyroceram U5 iliac 78 5..23 
500 Poe 

1000 5 51 

1200 53 


DIELECTRIC CONSTANT & LOSS TANGENT 


276 


Loss 


200015 
-00016 
200023 
-00037 
-00080 
200265 
201020 


e000),8 


COs . 


~ 00048 
» 000865 
200110 
200150 


002120 
.Q)180 
013280 
026570 


20150 


031,60 
208150 
023500 


201350 


0700 


02660 


200),90 
200590 
200790 
201220 


200390 
20010 
200330 
20030 


Freq 


Tangent Ge 


96375 


4 08=3 286 


9375 


9.375 
92375 


94375 


Item 
Noo 


208 


109 


110 


“a0 


112 


113 


VOLUME RESISTIVITY 


ALUMINA 


Trade Designation 


American Lava 78 


American Lava 61) 


American Lava 719 


American Lava 576 — 


Coors AD99 


Coors AD96 


277 


% Main 
Constituent 


98.0 


96.0 


9h, 0 


85.0 


990 


- 96.0 


Temp 
‘0G 


25 
100 
300 
500 
700 
900 


25 
100 
300 
500 
700 
900 


25 
100 
300 
500 
700 


900 - 


25 
100 
300 
500 
700 
900 


25 
300 
500 
700 


1000 - 


25 
300 
500 
700 

1000 


Resistivity 
Ohmecm 


> yol4 
> 194 
> 10 
3.3 x 10L1 
3,0 x 10 
7el x 107 


> 19 
2.0 x 1023 
ol x 1010 
3 x 107 
5 x 10° 
8 x 10° 


3 
hoO x l 


S10 
1.0 x 10 
6.3 x 1010 


5.0 x 10° 


2.0 x 10° 
>10l4 
3.1 x lott 
0 x 107 
1.0 x 10 
1.0 x 10° 


Item 
ie Noe Trade Designation 
st ae Boe eee 
Wy Coors ADO 
— 125 Coors AD85 
116 Diamonite Pe31)2e1 
117 Diamonite B-890<-2 
118 Diamonite P-=}3662 
119 Silk City sc98D 
120 WESGO AL1LOO9 
: 121 -WESGO AL995 


% Main 


Constituent 


9h..0 


85 00 


9985 


99.05 


278 


Temp 
oc . 


25 
300 
500 
700 
1000 


25 
300 
500 
700 


250 
500 


250 


500 


250 
500 


200 
300 
oo 
500 
600 
700 
800 
900 


1000 


1100 
1200 
1300 
1,00 


eo 
300 
600 
900 


25 
300 


600 . 


900 


Resistivity 


Ohme-cm 


° © ° ° ° ° ° °o 


° 


AMQOKNENOUNOLy 


bE 6 Dd Be Pd Dd Dd Pd OP 


oe 


WL RUT Uw Wo 


a a 


Item % Main 


Noe Trade Designation Constituent 
122 WESGO AL300 97 06 
123 WESGO AL00 95 0 
12h Miscellaneous 99.9 
BERY LLIA 
125 American Lava 75) 99.5 
126 Coors BD995 99 5 
279 


Temp 
oC 


25 
300 
600 
900 


25 
300 
600 
900 


600 
700 
800 


900 


1000 
1100 
1200 
1300 
14,00 


25 
100 
300 
500 
700 
900 


500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1,00 
1500 
1600 


Eo 
8 
OH nAH OnW-~I LH NFO y 


HMMM MK OM 
5 
On 


Resistivity 


Ohmecm 


> i014 
1.0 x 1012 
2.3 x 1029 
5.0 x 10° 


MK OM 
8, 
© 


> rol 


>10 

> 10U4 
1.0 x 1013 
1.0 x 1otl 
3 00 x. 109 


Pa UL) Ft ON EE 
ORF ON PH EAH O 


MRM MMM OO 
5 
on 


oo 


Item : % Main 
Noe ; Trade Designation Constituent 
27 Coors BD9II 99.0 
128 © Coors BD96 98.0 
129 Coors BD96 96.0 
130 Miscellaneous . eee 


280. 


Tem 
oc: 





500 


600. 


700 

800 

900 
1000 
1100 
1200 
1300 
1,00 
1500 
1600 


500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 
1,00 
1500 
1600 


500 


600 


700 
800 
900 
1000 
1100 
1200 
1300 
100 
1500 


1000 
1100 
1200 
1300 


1500 
1600 
1700 
1800 
1900 
2000 


Resistivity 


FU HP HPN wry} FWP OLE Nye EH 


Fumo pnw py 


Ohm=-cm 


o 9 © 6 © 0 8 e@ © 
DOW ow ONE O 
MMM Ho eM OM OM 


e c 


e eo ° o sc eo € 
AV OKANANTMNE ND y 


e ° ° ° ° 2° 


MProrH Er On OAHPoO A WWROAKROHRWUO 


° 2 o ¢ 


13 
>10 
2.4 x 101 


pa pe Pe ed Oe OO Oe od 


a) 
oO 


bo Pe pd OM OM Pe od Pt OP od 


WM MMMM MMO 
Ge 


1911 


013 


VOLUME RESISTIVITY 


SILICAS 
Item % Main . Resistivity 
No. Trade Designation Constituent Temp C . Ohm=cm 
131 Corning 7900 : 250 7 x 10° 
132 Corning 7900M . 100 5 x 1016 
150 8 x 10th 
200 3 x 1013 
250 2.5 x 1012 
300 3 x loll 
350 3 x 1010 
hoo 7x 107 
50 1 x 107 


281. 


Item 


Noe 


133 


13), 


135 


136 


137 


SPINEL 


Trade Designation 


PYROCERAM 


Corning 9606 


Corning 9608 
BORON NITRIDE 


Carborundum Co. 


MAGNESTA 


“282 


%Main 
Constituent 


omaw 


we wp 


Temp 


500 
600 
700 
800 


1000 
1100 


50 
100 
150 
200 
250 
300 
350 
4,00 
450 


250 


27 
500 
1000 
1500 


300 


500 
600 
700 
800 
900 
1000 


1100 


1200 
1300 


Resistivity 


Ohmecm 


Ww pw lo vw OPI 


MMM HM ooo 
3 


>x 1012 
1x loll 
10 


10? 
108 
1x10? 


3x 06 
ae 
2x 10° 


I 


Item 
Noe Trade Designation 


LST 


SILICATES 


1G 0 (tS 


130; epee te 


WO eee 


Wid amt arans 


283 


% Main 
Constituent 


Temp 





100 
1500 
1600 
1700 
1800 
1900 
2000 
2100 


2200 


300 


L00 
500 


200 
250 
300 
350 
00 
450 


200 
250 
300 
350 
00 
L450 


300 


500 


Resistivity 


Ohmecm 


8 x lol 
2x ol! 
ie i6 
x 1 
1x 103 
9 x 102 
5 x 102 
1 x 10¢ 
102 


m 

be bd be 
te 
Oo 
B 


1 H 
e s 
COIL NO UT Ur ®Dw 


pi pe Pd Pe OPO 
S 
MO 


HM OMW Ww Pp 
aM eM eM 
he 
oO 
5 


Onn 
Pa ord Pd 
! 
o 
co 


HH 
o 


item 


No. 


1h2 
143 
I) 
145 
146 
1h? 


cata 


19 


Trade Designation 
Coors AD99 


Coors AD9I6 
Diamonite P-31)2-1 
Diamonite B-890-2 
Diamonite P~3662 
Wesgo AL 995 
Wesgo AL 300 


Wesgo AL 00 


DIELECTRIC STRENGTH 
ALUMINA 


% Main 


Constituent 


99,0 
96.0 
95=97 
90-95 
85~90 
9965 
97.6 
95.0 


“26h 


Temp °C 


25°C 

25°C 
Ambient 
Ambient 
Ambient 
Ambient 
Ambient 


Ambient 


Dielectric 
. Strength 

~Wolt/Mil 
220-20 (1/" sample in 0i1) 
220-20 (1/4" sample in oil) 
275 (1/8" sample) 
230 (1/8" sample) 
210-220 (1/8" sample) 
800 (.100" sample in oil). 
1100 (.100" sample in oil) 


700 (.100" sample in oil) 


Item 


Noo 


150 


151 
152 


153 


Trade Designation 
Brush Beryllium 


Coors BD98 
Coors BD96 


National Beryllia 
Berlox 


DIELECTRIC STRENGTH 
BERYLLIA 


% Main 
Constituent 


98 0 
96 20 


99.0 


Le 


Temp 
OG 


25 
65 
100 
200 


Ambient 
Ambient 


Ambient 
Ambient 


Ambient 


Dielectric Strength 
Volt/Mil 


170 
463 
435 
25 


238 (4" sample: in oil) 
339 (1/8" sample-in oi1) 


251 ar sample“in oi1) 
351 (=" sample in ‘oil) 


> 300 


Item 


No. 
a 


154 


Trade Designation 


SPECIFIC HEAT 
- ALUMINA 


% Main 


Constituent 


99.97-99.98 


Temp. 


oc. 


0 
20 
0 


Specific Heat 
Cal/Gm °c 


e1731 
21830 
01922 
- 2007 
- 2157 
2222) 
02285 | 
2 231 
- 2392 
238 
. 2480 
»2518 
202552 
2 2583 
-2611 
22637 
2 2060 


Item % Main 


No. Trade Designation Constituent 
155 Coors 99.5 
156 Interpace 99.5 
157 Norton 99.5 
158 Coors AD99 99.0 

BERYLLIA 
Item % Main 
No. Trade Designation Constituent 
159 Coors 100 

287 


Temp. 
° 


ee 


100 
00 
700 
900 

1100 

1300 

1375 


100 
1,00 
700 
900 

1100 

1300 

1375 


100 
00 
700 
900 
1100 
1300 
1375 


2) 
260 
538 
B16 

1093 
1371 


Temp. 


se. 


26 
260 
538 
816 


Specific Heat 


Cal/Gm °C 


02h 
027 
030 
231 
228 
625 
225 


Specific Heat 
Cal /Gm °C 


0 2h5 

ns 

0450, 

° 500" 
*Extrapolated 


Item % Main Temp. Specific Heat 





No. Trade Designation Constituent OG Cal /Gm 2G 
160 Coors BD-98 98 100 sh 
161 Coors BD=96 96 100 e3l 
162 Unknown 66 200 = .235 
260 0325 ~ 375 
538 25 ” e775 
816 oh 75 _ 0525 
1093 e485 = .550 
1371 0500 = .555 
1538 0512 = 0505 
169 0525 = 2575 
2038 0550 - .685 
220h 2560 - 
2760 600 - 
FUSED SILICA 
163 Corning 790 -~ 200 0230 . 
00 260 
600 270 
800 2285 
1000 290 
1200 2305 
1350 0320 
16); Corning 79)1 - 25 ol79 
fe 100 2205 
200 0229 
300 025 . 
),00 0257 
500 2 266 
600 23 
700 2 280 
800 © 286 
- 900 2290 
1000 0295 
1100 0299 
165 Corning 7900 (25° 182 
100 2 206 
200 2230 
x 300 oe 
00 2258 
oy 500 effi 
' 600 - 2281 
700 0290 
800 2300 


288 


PYROCERAM 


Item = % Main Temp. Specific Heat 
No. Trade Designation Constituent % Cal/Gm °C 
166 Corning 9606 - — 25 2180 
100 2 210 
200 231 
300 oad 
00 256 
500 - 268 
600 0275 
700 28), 
800 0292 
900 301 
1000 e311 
167 Corning 9608 - 25 G9? 
200 24,0 
300 2258 
oo set 
500 2 282 
600 2292 
700 +302 
800 312 
289 


THERMAL CONDUCTIVITY 


ALUMINA 
Item % Main Temp Thermal Conductivity 
Noe Trade Designation Constituent oC Cal/Cm Sec °C 
168 Coors AD 995 99.5 25 2069 
300 _ e037 
169  Goors AD 995 99.5 2h ---- 
! 1h9 6039 
260 2030 
616 e011 
oe Run #1 Run #2 
170 Coors AD 995 99.5 100 0099 2100 
300° 2022 © ',031 
500 019 02), 
600 3919 2023 
800 013 01, 
1000 01k ---- 
- 1100 0016 2023 
1200 sOl7 023 
1300 018 6923 
1375 2020 0026 
171 Coors AD 99 99 25 2069 
| 300 0037 
172. Coors AD 9 94 25 01,8 
. . 300 024 
173 Coors AD 85 85 25 0032 
300 . e017 
17h Silk City 99P 99 © 7307 5.54 x 107 
118 6 3-56 
132.3 2.9 
215.0 2027 
391.0 1.9h 
51k. 1.57 
634.1 1.33 
76.8 Lely 
874.9 1,02 
932.1 098 
936.2 98 
938.2 098 
1036.1 089 
105.2 86 
1078 .6 08h 
1359.0 60 
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Item % Main Temp Thermal Conductivity 
Noe Trade Designation Constituent oC Cal/cm Sec °C 


=2 





= 
x 
5 


175 Silk City 98D 98 55.0 
6100 

161.0 

186 .0 

411.0 

‘ 1300.0 


o2 e@ @ © 8 6 
ULE" Oo Po 


| 

5 
' 
to 


176 Silk City SC85D 85 0.0 
2,0 00 

635.0 

680 00 

905 .0 

1090 .0 

1300.0 


° ° 
Hw E34 


PHP HE oO OPWEO-; 
ca 
ROOnNNS 


ALUMINA WITH ADDITIVES 


ooo" 75 092 

Polycrystalline - 100 080 
-12.5% porosity 200 057 
400 032 

600 022 

800 .017 

1000 016 

1200 .015 


178 0 enn n nano " ooe= 75 092 
Polycrystalline 100 080 

3.0% porosity 200 057 

400 032 

600 .022 

800 017 

1000 016 

1200. .015 


1790 we-- === wone 200 062 
° Polycrystalline oO 037 

025% porosity 600 .023 

800 022 

1000 .022 


180 -------- =--- 75 oOhy 
Polycrystalline 100 =.Ok1 

6.12% Cro03 200 033 

by volume 00 020 

600 .015 

800 012 

000,011 
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Item 


No. Trade Designation 


181 


% Main 
Constituent 


Polycrystalline 
by volume 


Polycrystalline 
1 026% Cr203 
by volume 


Single crystal 
le 10% Cr503 
by volume 


Single crystal 
by volume 


Polycrystalline 
e2h7% Cro03 
by volume 


Single crystal 
by volume 


292 


Temp 





75 
100 
200 
),00 
600 
800 

1000 


75 
100 
200 
Loo 
600 
800 

1000 


200 
400 
600 
800 


ie) 


100 


200 
00 
600 
800 
1000 
1200 


iS 


200 
00 


800 
1000 


75 
100 
200 


Thermal Conductivity 
Cal/Cm Sec °C 


005), 
eOh9 
e00 
0025 
0017 
0015 
oO1y 


0057 
0055 
202 
2027 
2020 
2016 
2015 


0052 
0032 
0022 
e021 


0087 
082 
2053 
0035 
2026 
02h, 
0025 
2034 


07h 
2062 
2053 
2030 
2020 
2017 
Oly 


0095 
2090 
0062 


SILICA 


Item % Main 


Noe Trade Designation Constituent 


187 Corning 7900 wt 


188 Corning 790 j= = sann---- 


189 Corning 791  Bieeeise 


Slip Cast 
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Temp 


25 
100 
200 


~ 300 


00 
500 
600 
700 
800 


100 


200 
300 


600 
700 


1100 


Thermal Conductivity 
Cal/Cm See °C 


000352 
000379 
eOOOL 
200419 
20031 
200h1,0 
0050 
o00L59 
000,68 


00035 
20039 
e002 
e006 
000)8 
00050 
00053 
e005), 
00056 


000215 
000225 
20020 
000255 
200260 
200261 
200261 
000261 
200261 
200261 


200128 
000132 
000136 
2001)0 
000145 
000153 
200161 
200169 
000174 
00184 
000207 


Ttem % Main 
Noe Trade Designation Constituent 


(QL weereenree ee nenne 


Sapphire, 
Synthetic 


- | | 100% 1,0, 


PYROCERAM 


193 Corning 9606 iia iasens 


19, Corning 9608  =§ w------- 


Temp 





100 
200 
"300 
00 
500 


25 


200 
300 
4,00 
500 
600 
700 
800 
900 


25 
100 
200 
300 
Loo 
500 
600 
700 
800 


Thermal Conductivity 


Cal/om Sec °C 


000355 
200413 
000,87 
000620 
000810 


038 
2033 
2030 
2027 
02h 
2023 
0019 
2018 


200895 
000865 
000825 
200800 
000785 
200758 


BERYLLIA 


Item % Main 
Noe Trade Designation Constituent 
195 Brush Beryllium 98.5 
196 Unknown |; — wnnnncne 
207 = 2.06 dense 
197 Unknown —_ wen 
3.01 dense 
198 Unknown = = 8 — sa-== a 
2.62 dense 


RQ, 
XO, 
ad 





Thermal Conductivity 
Cal/Cm See °C 


L907 
26.2 


ao DPA HwWO row 


n> ta Ag 


HPmwYW 
WWwWWEAOH WO ww EW 
o o °. o o 


° 
ee 
Oo 


EV 


THERMAL EXPANSION 





ALUMINA 
2 Thermal Expansion 
Item % Main ~ocIneh/Inch moe 
No. Trade Designation Constituent Temp. Og Run #1 Run #2 
199 Coors AD995 99.5 - 100 - Sa 
200 13.4 - 
300 2207 21.0 
500 36.5 40.8 
700 5609 58.7 
900 71.7 738 
1000 80.5 720) 
1100 88.0 89.7. 
1200 96.0 97.6 
1300 102.) 106.7 
1375 - 109.4 112.5 
. iuIn¢h/Eneh not : 
200 Coors AD995 99.5 100 3. 29 3.34 
200 11.1 10.5 
300 18.4 18,0 
00 26.3 2505 
500 30.3 30.2 
600 42.6 43.0 
700 51.1 52h 
800 60.0 61.7 
900 70.6 ' 7209 
1000 83.9 83.0 
11.00 95.6 9502 
1200 106.4 106.2 
1300 117.2 116.7 
1375 ; 125.5 126.0 
Ineh/Tnch ©¢ x107* 
201 Coors AD995 99.5 21=260 1668 | 
2605538 ‘8.3. 
538=982 9.2 
21-982 8.33 
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Item % Main 


No. Trade Designation Constituent Temp ¢ Thermal Expansion 
Inch/Inch nor - 
202 Coors AD995 99.5 260 - 17.0 
538 0.0 
816 64.0 
982 80.0 
1093 91.0 
1204 — 102.0 
| Inch/Inch °c _x10~® 
203 Coors AD99 99.0 151-21 267 
21-260 6.3 
260-538 8.1 
7 21-982 . 8.12 
Inch/Inchx 10.74 
20) Coors AD99 99.0 26 ok 
538 36 
816 se 60 
982 a 75 
1093 | 80 
120), © : 97 
4 o -6 
; Inch/Inch c X10 
205 Coors AD96 96.0 -151-21 ts 2el 
Formerly H1-95 . 21=260 — 647 
260-538 ; e893 
538-982 9.0 
21-982 8.22 
Inch/Inch °C x107° 
206 Coors ADI 94.0 -151-21 341 
Formerly A1-=200 21-260 6.7 
; 260=538 <6 
538-982 8.8 
21-982 7.91 
Inch/Inch °c x10-6 
207 Coors AD85 85.0 -151-21 209 
Formerly AB=-2 21-260 509 
260-538 9.0 
21-982 7.58 


297 


Item % Main 


No. Trade Designation Constituent Temp. °G Thermal Expansion 
. Tnch/Inch:.x1074 
Run#l Run #2 
208 Interpace 99.5 100 lhe . Tel5 
300 21.55 21.6 
500 37at 39.0 
700 53.44 5he9 
900 Thee The3 
1000 76.5 ((s3 
11060 83.6 80.9 
1200 90.4 * 88.4 
1300 92.2 hed 
1375 87.6 92. 
209 Interpace 99.5 100 3.5 Bef 
200 11.25 11.3 
300 19.72 19 34 
4,00 28.1) 27 36 
500 32.65 32.34 
600 5.76 45.66 
700 56.12 55.3 
800 65.89 66.73 
900 76.38 75097 
1000 82.hh 8h.73 
1100 91.55 9h.9) 
1200 102.16 105.4 
1300 112.35 114.28 
1375 121.60 119.16 
210 Norton 99.5 100 3e7 “Set 
300 20.7 20.5 
500 36.8 . 39.3 
700 50.6 Stet 
9 00 69 ok 71 e 7 
_ 1000 Ted 81.0 
1100 88.9 88.1 
1200 96.6 99.9 
1300 105.3 108. 
1375 ° 111.3 115.7 
211 # Norton 99.5 100 3.50 33h 
200 10.5 10.9 
300 18.) 18.6 
),00 27.1 27 el 
500 _ #13 31.4 
600 by. 2 hhel 
700 5301 53.0 
298 


Item % Main 


No. Trade Designation Constituent Temp. (a Thermal Expansion 
Inch/Inch no!" 
Run 1 Run. 2° 
212 =Norton 99.5 800 62.6 bel 
900 . 7h.8 | The 
1000 84.6 84.0 
1100 hel 93.5 
1200 103.9 102.9 
1300 113.3 112.8 
1375 116.9 117.9 
° -6 
Inch/Inch “C X10 
213. Wesgo AL-1009 99.85 25~200 ‘oo 
, 200-100 BoB: 
00-600 9.0 
600-800 9.8 
800-1000 13.0 
21, Wesgo Al-995 99.5 25-200 6.9 
200-100 8.5 
00-600 9.0 
600-800 9.8 
800-1000 13.0 
215  Wesgo Al=300 97.6 25=200 8.5 
200=1,00 8.5 
00-600 9.0 
600-800 8.3. 
800-1000 12.6 
216 Wesgo A1-)00 95.0 25-200 8.0 
200~);00 8.0 
00-600 8.5 
600=800 965 
800-1000 12.5 
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BERYLLIA 


Item % Main 


No. Trade Designation Constituent Temp. 26 Thermal Expansion 
Inch/Inch nov 
217 Coors 100 26 0 
260 1.0 
538 40.0 
816 72.0 
982 92.0 
218 Coors BD-98 98 25-1000 9 hyscr07® 
219 Coors BD-96 96 25-1000 9.3% 1078. 
2200 Unknown — 25 0 
Fired to 
18 cone. 50 =. 23 
100 09 
150. Tee. 
200 LOet: 
250 W.5 
300 18.3 - 
350 22.4 
00 27.0 
4.50 30.9 
500 3502 
550 0.0 
600 45.0 
650 97 
700 Sued ; 
750 59 9 
800 65.3 
850 70.8 
900 T5607 
950 81.1 
1000 86.7 


“300 


Item % Main 


No. Trade Designation Constituent Temp. a Thermal Expansion 

Inch/Inch x07 
Run #1 Run #2 

221 Unknown _— 25 0 “0 

#1 Fired to 33 50 1.20 (1.20 
cone. #2 100 4.06 4eOL 
electrically 150 7.00 7.00 
fused and 200 10.05 10.50 
fired to 33 250 1.40 1.20 
cone. 300 18.20 . 18.00 
350 22620 22200 
oO - 26.60 26.10 
50 30.70 30.60 
500 35.10 35.00 
550 39.70 39.40 
600 hh. 50 hh.10 
650 49.20 48.70 
700 Sh. 20 Su. 50 
750 59.50 59.90 
800 65.00 63.70 
850 70.80 69,20 
900 75.70 75.00 
950 80.60 80.05 
1000 86.60 86.06 


4 


_) 
‘Inch/Inch x14 


222 Unknown — 25 0 

Electrically 50 1.25 

fused fired 100 4.05 

to 33 cone 150 7.18 

_ 200 15.00 

250 Uy.h0 

350 22.10 

00 27.20 

25 29 640 
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PYROCERAM 


Item % Main 


No. Trade Designation Constituent Temp. % Thermal Expansion 
| | Inch/Inch °c x107§ 
223 Corning 9606 — 25 2.000 
100 7.500 
125 7.800 
200 4.750 
250 | 3.655 
300 é 3.650 
hoo — 3.855 
600 ~ 4.153. 
800 hy. 500 
1000 4.850 
1100 5.000 
SILICA 
22) Corning 7900 _— 100 | ehhe 
200 ofS 
300 ais. 
00 atl 
500 - (0 
600 .(0 
800 258 
850 053 
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Item . 


No, 


225 


226. 


227 


228 


229 


230 


231 


Trade Designation 


Coors AD995 


Coors AD995 


Coors AD995 


Interpace 


Interpace 


Norton 


Norton 


EMISSIVITY 
ALUMINA 


%.Main 


. Constituent 


99.5 


9955 


99.5 


995 


99.5 


99.5 


303 


_ Temp. 


100 
hoo 
700 


100 
400 
700 
900 
1100 
1300 
DiS 


2h 


538. 

816 
1093 
dpa 


100 
4.00 
700 
900 
1100 


100 
4,00 
700 
900 

1100 


100 
400 
700 
900 
1100 


25 
300 


_ Emissivity 


Total 
Normal 


Spectral 


- Emissivity 


Item %@ Main Temp. Total Spectral 
No. Trade Designation Constituent °C Normal 
Run Run 
: #1 #2 
231 600 55 458 
800 9 654 
1000 ol 048 
1300 hoes 
1375 039 == 
232 Norton (LA603) -- — BBL 5 Th 
316 Ay 
4.82 2675 
649 .63 
816 58 222 
871 -- an 
982 253 “eg 
1093 - -- 234 
11h9 8 ao 
z 120) -- 239 
1316 045 oll 
1427 -- 48 
1,82 egies mn 
1538 t 1 
233 Norton (RA-l213) -- -18) 76 
19 77 
316 70 
82 71 
69 252 
816 eS 
871 45 28 
982 -- 28 
1093 «LO 30 
1149 036 =- 
| 1204 -- 32 
1316. ~ 233 wD 
1127 -- 239 
1,82 a8 ee 
1538 -- oll 
23h Norton (ROKIDE on stainless steel  -18) .82 
46) 19 . 80 
316 77 
482 ae 
69 68 
. 816 : be 
871 -- ann 
982 aot iS 
1093 -. 8 
1119 «53 -- 
120 -- si 
1316 eld . -- 


30 


Item 

No. Trade Designation - 
235 Unknown 

236 Brush Beryllium 
237 Unknown 


EMISSIVITY 
BERYLLIA 


% Main 
Constituent 


Hot pressed, 
high fired 
Bed. 

Type 1 in 


reference 


Hot pressed, 
Bed o 
Type 2 in 


reference 


Hot pressed, 
high fired 
Bed. 


Type 1 in Fotos 


reference 


305 


Temp. 


927 

977 
1027 
1077 
1127 
1177 
1227 
1277 
1327 
1377 


1477 
1527 
1577 
1627 


927 

977 
1027 
1077 
1127 
It? 
1227 
1277 
1327 
1377 
1427 


1477 


1527 
1577 
1627 


927 

ICT 
1027 
1077 
1127 
1177 
1227 
L277 
1327 
LTT 
1427 
1177 
1527 


Emissivity . 
Spectral 


Item 
No, 


237 


238 


239 


Trade Designation 


Brush Beryllium S.P. 


Brush Beryllium 


% Main 
Constituent 


Hot pressed 
BeO s 
Type 2 in 


reference 


Hot pressed, 
annealed Bed. 


Type 3 in 


reference 


“306 


Emissivity. 
Spectral 


879 
894 
711 
0931 


351 
s3tL 
383 
0394, | 
405 


“lS 
—Aly25 
2 eh 


4h? 
e461 
U7 
489 
99 
.507 
513 
e 516 


wot 


«bl? 


» 51h 


509 


«336 
«348 
sacl. 
2 376 


liye e 


07 | 
420 


Item 
No. 


21,0 


241 


Trade Designation 


Corning 7900 


Corning 7940 


EMISSIVITY 
SILICA 


% Main 
Constituent 


‘307 


kmissivity 

Total Norma 
3/16" 1/4 5/16" 
87 ne 87 
86 -- 87 
ol em 26 
82 bates eh 
.80 ater 283 
-— =83 ote 
-- 79 = 
m= 75 we 
-- 69 -- 
~~ 62 = 
Ses “355: see 


Item 
No. 


22 


Trade Designation 


EMISSIVITY 
SILICA 


% Main - 
Gonstituent 


Slip Cast 
2-5" 1x 


3/4" D 


308 


Temp. 


1300 


1500 
1600 
1700 
1800 
1900 
2000 
2100 
2200 
2300 
2,00 
2500 
2600 


- Enissivity 


Total Normal 


60 
265 
68 
76 
«70 
66 
<6." 
38 
38 
38 
38 
037 


e3l 


023 


EMISSIVITY 


PYROCERAM 
Item % Main Temp, Emissivity 
No. Trade Designation Constituent eC’ Total Normal 
Normal Spectral 
243 Corning 9606 -- 9 oy -- 
316 | 81 -- 
482 we -~ 
69 69 oo 
816 .67 as 
87h -- . 40 
982 63 ohh 
1093 -— 18 
1149 .60 -- 
120) -- 252 
1316 258 056 
ehh Corning 9608 . -- . 149 85 -- 
316 85 -- 
482 85 -- 
619 .85 = 
816 .83 -- 
871 = 07 
982. 215 48 
1093 -- “ 48 
1149 64 -- 
1204 =- 9 
1316 -- 50 
309 


THERMAL DIFFUSIVITY 


SILICA 
Item Trade Designation %. Main Temp. Thegmal Diffusivity 
No. Constituent o% Cm “/sec 
25 Corning 790 -_- 100 20079 
200 20078 
300 20078 
: 00 0078 
500 20079 
600 20080 
700 . 008) 
800 20088 
2h6 Corning 791 -- 25 20067 
100 20060 
‘200 20056 
300 20053 
OO 20051 
500 «0050 
600 000495 
700 200,90 
800 -00),90 
900 200485 
1000 200485 
1100 200485 
2h:7 -- -- 100 20033 
slip cast = 200 0032 
; 300 20031 
1.00 20031 
500 20032 
600 .0032 
28 -- -- ~ 100 20021 
clear, foamed 200 20019 
300 >. wOOLT 
00 20018 
500 20020. 
600 .0021 
700 2002) 
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THERMAL DIFFUSIVITY 





PYROCERAM 

Item Trade Designation -%. Main Temp Thermal Diffusivity 

No. Constituent o¢ Cm 2/sec 

219 Corning 9606 -- 25 20189 

100 00158 

200 2010 
300 e0129 
oo 60120 
500 00112 
600 2010) 
700 00102 
800 20099 
900 20095 

250 Corning 9608 == 25 201190 
100 000995 
200 » 00925 
300 200870 
4,00 000850 
500 200815 
600 200875 
700 200760 
800 200725 
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COMPRESSIVE STRENGTH 


ALUMINA 
Item % Ma jor a : 7 3 
Noo Trade Designation Constituent Temp. °C Compressive Strength psi'x 10 
251 Coors AD 99.5 9905 Ambient > 350 
252 eoene AD 99 99.0 Ambient > 300 
253 Coors AD 96 96 .0 Ambient > 300 
25 Coors AD 9h 9h 20: Ambient > 300 
255 Coors AD 85 85.0 Ambient > 20 
256 Wesgo AL 1009 99 85 Ambient > 100 
257 Wesgo AL 995 9905 Ambient 
| 258 Wesgo AL 300 97 6 Ambient 
259 Wesgo AL 00 95 0 Ambient 
312 


TENSILE STRENGTH 


ALUMINA 
Item % Main Z : 
No. Trade Designation Constituent Temp. F - Tensile Strength psi_ x 103 
260 Coors AD 995 99.5 77 20,82 
500 31.00 
1000 29.2h 
1500 - 
1750 . - 
2250 36 
2,00 - - 
2500 «Ol 
261 Coors AD 99 99.0 70 3h to 35 
| 2000 21 to 22 
262 Coors AD 99 99.0 75 - 32.0 
500 31.6 
1000 (29.5 
1500 2h.5 
2000 - 14.5 
2500 11.2 
263 Coors AD 96 96.0 70 26 to 28 
2000 13 to 1) 
26 Coors AD 9h 9h.0 ~ 70 25 to 27 
2000 9 to 10 
265 Coors AD 85 85.0 70 17 to 18. 
2000 .8 to 9 
266 Interpace 99.5 77 18.68 
500 ~ 19,60 
1000 20.27 
1500 20.59 
_ 1750 
2000 15.81 — 
2250 6.20 
2400 
2500 Oh7 


313 


Item 


No. Trade Designation Constituent Temp. °F 


267 


Item 
No. 


268 


269 


270 


e271 


% Main 


Norton : 99.5 


FLEXURAL STRENGTH 


717 
500 
1000 
1500 
1750 
2000 
2250 
2500 


ALUMINA 


% Main 


Tensile Strength psi x 103 


18 98 
16.90 
15.19 
15.68 


10.52 
2.88 
«60 


Trade Designation Constituent Temp °F Flexural Strength psi x 103 


Coors AD 995 99.5 


Coors AD 995 99.5 


Coors AD 995 9965 


Coors AD 99 99.0 


oth 


77 
500 
1000 
1500 
1750 
2000 
2250 
21,00 
2500 


77 
500 
1000 
1500 
1750 
2000 
2250 
2500 


70 
2000 


70 
2000 


34.00 
39.0 
37.90 
11.60 


2330 
8.00 


4.20 


36.3 
3209 
3h.7 
36.7 


98.9: 
19.9 
15.3 


43 to 55 
°96 to 31 


- bh? to 60. 
23 to 28 


Item 
Noe Trade Designation Constituent Temp OF Flexural Strength psi x 107 


272 Coors AD 99 99.0 75 530 
2050"'x.100" 500 5365 
. Samples. 1000 53.0 
Single Load- 1500 46.0 
ing 5/8" 2000 23.5 
Span=-leaded 2500 10.0 
at a rate 
of 30 to 0 
pounds per 
minute 
273 Coors AD 96 70 7 to 52 
2000 21 to 26 
27h Coors AD 94 70 LS to 50 
2000 15 to 20 
275 Coors AD 85 70 LO to LS 
2000 10 to 15 


aa5 


Item % Main 
No, Trade Designation Constituent Temp CF Flexural Strength psi x 10° 


276 Interpace 99.5 AT 30.90 
500 29.70 
1000 29.70 
1500 28.20 
1750 
2000 : 20.90 
2250 12.50 
2,00 
2500 8.20 
277+ +‘Interpace 99.5 77 38.5 
500 1.1 
1000 0.7 
1500 3922 
1750 
2000 -17.2 
2250 15.2 
2500 6.9 
278 Norton 99.5 tf 27.80 
500 28.70 
1000 28.50 
1500 1.60 
. 1750 20.80 
2000 
2250 10.10 
2500 3.10 
279 Norton 99.5 77 28.2 
500 2763 
1000 2765 
1500 28.3 
1750 
2000 18.0 
2250 5.8 
2500 205 
280  Wesgo AL1009 99.85 Ambient. . 23 
281 Wesgo AL99S 99.5 Ambient 62 
282 Wesgo AL300 97.6 Ambient h6 
283 Wesgo ALOO 95-0 Ambient 64, 
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YOUNG'S MODULUS-SHEAR MODULUS-POISSON'S RATIO 


ALUMINA 
Young's Shear . 
Item & Main ; Modulus é Modulus ~ Poisson's 
No. Trade Designation Constituent Temp OF psi_x 10 psi x 10 Ratio 
28h Coors AD995 99.5 WT 52.6 21.2 2243 
500 50.4 20.6 0227 
1500 7.2 16.6 0235 
2000 Whe 17.2 2306 
2250 0.2 16.3 289 
2h00 =. 354.5 15.3 » 225 
285 Coors AD995 99.5 77 52.8 20.6 428 
1000 «9.5 19.3 28 
1750 46.3 18.0 — 229 
2000 45.1 17.6 28 
2250 = 42,3 17.2 025 
; 2500 2.5 --48.6 elk 
286 Coors AD995 7 99.5 #5 52,5 20.7 
500 52.0 20.5 
1000 50.7 19.7 
1500. 48.3 18.9 
2000 . 45.7 List 
| 2500 HSS 15.9 
287 Coors ADI95 » 99.5 Ambient 50,00 - - - 
288 Coors -AD99 99 75 50.9 21.5 2205 
; ; 500 60.7 21.2 200 
1000 . 9.7 20.9 0189 
1500 ~=—sy 709 20,0 0198 
2000 45.0 17.6 279 
2500 ~—- 38.0 13.5 «410 
290 Coors ADI9 99 10° 50.0 
291 Coors AD96 96 70 47.0 
292 Coors ADIy » iy 2 70° 0.2 
293 Coors AD85 85 70 31.9 
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Young's Shear 
Item % Main Modulus Modulus Poisson's 


No. Trade Designation Constituent Temp OF psi x 10° psi_x 10 Ratio 
294  Interpace 99.5 | 17 5169 21.0 6234 
‘ 500 51.5 19.9 281 
1000 49.3 19.4 280 
1500 48.7 18.5 0305 
1750 6.5 18.0 0295 
2000 h2.5 6265 
2250 10.2 e191 
Sy 21,00 a 
2500 38.4 
295 Interpace 99.5 77 7.0 20. 415 
500 7.7 19.8 21 
1000 6.4 19.1 62k 
1500 13.8 18.3 30 
1750 ~=—s 3S 18.0 22k 
2000 2.3 16.6 227 
2250 40.9 16.4 025 
2500 - - a" 
296 Norton 99.5 77 48.5, 19.0 + 240 
ue 500° 7.0 - 18.8 2223 
1000 4565 | Lp. 0276 
1500 ho. 16. 0275 
1750 ~- 2.8 16.5 4251 
2000 Talen 10.4 . o32h 
2250. 35.7 13.8 ‘210. 
2500 3004 © 99 2h 
297 | Norton 99.5 77 bh.9 1729 . 025: 
500 yhe2 17.5. 926° - 
1000 © 43.1 16,8 028 
1500 b1.2 «16.1 428 
17503969 1541 031 
2000 39.4 14.8 ~ 89.4 
2250 : 
2500: 
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TENSILE STRENGTH-COMPRESSIVE STRENGTH-FLEXURAL STRENGTH=YOUNG'S MODULUS 
BERYLLIA 


: Tensile Compressive Flexural Young's 
Item Trade % Main Strength Strength Strength Modulus 


No. Designation Constituent Temp °F psix 10? psi xl03_ psi 27.0° psi x106 


298 Coors 100.0 75 16.8 
500 16.) 

1000 WS 

1500 12.8 

2000 8.5 

2500 1.2 


299 Coors BD-96 96.0 72 > 225 32,10 46 
500 31.00 
1000 35.20 
1500 . 34.50 
2000 9.12 


300 Coors BD-98 98.0 72 > 225 36.h, 6 
500 32.) 
1000 36.1 
1500 39.7 
2000 13.06 


301 - - 78 = =18.5-13.8 300-10 
932 11.1 71.0 
1472 64.0 
1652 10 
1832 3525 
2086 2.0 
2092 | 28.5 
2372 6 
2732 17.0: 
2912 7.0 
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TENSILE STRENGTH-FLEXURAL STRENGTH-YOUNG'S MODULUS-SHEAR MODULUS-POISSON'S RATIO 
PYROCERAM 


Tensile Flexural Young's Shear 


Item Trade o Strength Strength. Modulus 6 Modulus 6 Poisson's 
No. Designation Temp F psix 10 psix 107 psi_x 10° psi x 10 Ratio 
302 Corning 78 | 38.25 17.20 6.90 «21430 
Pyroceran 200 38.20 16.82 6.80 » 2430 
9606 - 302 37675 16.70 6.70 + 230 
4,00 37.25 17.40 6.93 «2506 
500 36.50 17262 7.08  .2500 
1000 30.50 17.80 Tel? + 24,38 
1300 24.75 17.60 7d » 2398 
1500 19,00 17.50 7.08 2370 
1750 11.25 _ 6.98 
2000 1.25 
2500 6.50 
303 Corning 78 =. 22,3 19.6" 
Pyroceram 500 18.2 19.6 
9606 1000 17.6 22.6 25.7% 
#Round Sample 1500 9.5 18.4 2h.2 
1750 93 11.7 2he1 
x#Rectang- 2000: 5.5 6.5 17.8 
ular Sample 2250 2e7 Sek 
30, Corning 78 22.5 32. ++ (6a bt 22h 
. Pyroceram 257 16.0 6.08 2200 
9606 302 16.01 
(Fortified) 37 | 6,09 0227 | 
+2.8hem/cc 500 —ti«é'S+ GG 36.1 6.26 0198 
1000 26.6 32.2 , 6.33 219 
++Round 1200 . 17.0 
Sample 1350 16.9 ; 
* 1500 6.3 12.9 16.8 6.15 el90 
1750 6.4 Fel 16.0 5.33 0237 
2000 4.8 7.6 hel 5.32 10 
2250 3e3 7.5 10.2 h y3 0136 
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TENSILE STRENGTH-YOUNG'S MODULUS-SHEAR MODULUS 


MAGNESIA 
Tensile Young's Shear 
Item % Main _ Strength, Modulus, Modulus 
No. Trade Designation Constituent Temp °F psi x10? psi x10° psi x 10° 
305 - - Ambient 1.0 30.5 16.7 
392 A O* 30.5 - 
752 15.2 30.0 7 
932 230 
1122 29.5 
1472 16.0 27.5 
1832 11.5 214.0 10.3 
2012 10.0 Bah 
2192 - 3.0 10.0 Let 
2372 6.0 4.0 5.2 


TENSILE STRENGTH-COMPRESSIVE STRENGTH-YOUNG'S MODULUS-SHEAR MODULUS 
SPINEL (Mg0-4A1,0,,) 


Tensile Compressive Young's Shear 


Item Trade % Main ; Strength Strength Modulus Modulus 
Noe. Designation Constituent Temp °F psi x10? psix 10? psixl0° psi x10® 
306 - MgO.:A1,,0 Ambient 19,0 270.0 34.5 13.2 
3-392 34.4 °° 13.2 
752 34.3 12,6 
932 199.0 
1022 1361 . 
1112 34.0 Lek 
1472 aly aS . 32.9 11.6 
1652 10.8 | 
1832 30.4 . 10.3 
2012 85.5 
2122 6.1 : : 
2192 a 71.0 25.0 85 
2372 1.1 20.1 ts2 
2552 215 ii 
2912 8.5 
321 


“FLBHURAL STRENOTH-YOUNG'S MODULUS-SHEAR MODULUSPOISSON'S RATIO 
. : - FUSED SILICA ~ 


Be gent oS the Fei Flexural — Young! s Shear uns 
Item Trade a Main Strength Modulus , Modulus, Poisson's’ 


No, Designation Constituent Temp OF psi xl psi_x 10° psi x10° Ratio 
307 Corning | + 78 1Wye30*.6.80 “eo. siS35. 
. Fused Silica = 200 14.50 6.60 8.70 - 3.73 ~ .1565 
79. a 302 14.60 6.75 8.9) 3.83 01585 
St 00 TL.75 6.90 9.16 3.86 «1600 
#Strengthened & nto 500 14.80 7,00 9.37 Ol ~1620 
- by Special 000 «15.50 7.75 10.12 43 1710 
Techniques; - 1300 16.00 8.25 10.19 4.55 slt65. ~~ 
Single point . 1500 16.30 8.75 9.90 LSS £1820 - 
loading 31/2" » | 1750 16.90.9.25 =. ea 7 
“span 237" 2000 17.50 9.75 
diameter : ; 
20,;000psi load 
rate 
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